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ABSTRACT
CHARACTERIZATION OF MICROBOTRYUM LYCHNIDIS-DIOICAE
SECRETED EFFECTOR PROTEINS THAT MANIPULATE ITS HOST PLANT,
SILENE LATIFOLIA

Ming-Chang Tsai

July 25, 2022

The smut fungal species Microbotryum lychnidis-dioicae is an obligate
phytopathogen colonizing the plant host, Silene latifolia. A significant feature of
M. lychnidis-dioicae infection is that the fungus can replace pollen on the anthers
of susceptible host plants with fungal teliospores, thus earning the fungus the
name: anther smut disease of flowers. The fungus synthesizes and secretes
effector proteins into the cells of the plant host during infection, and the proteinprotein interactions may interfere with and modify metabolism, plant
development, and gene expression of the host to allow fungal colonization. Two
potential fungal effector proteins, MVLG_06175 and MVLG_05122, were
identified by genome sequence analysis and prior expression studies. The yeasttwo hybrid screening was used to identify their potential plant protein interactors.
A potential plant protein interacting with MVLG_06175 was identified as CASP-
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like protein 2C1 (CASPL2C1), while those interacting with MVLG_05122 were
identified as COP9 signalosome subunit 5a and 5b (CSN5a/5b). CASPL2C1
might facilitate the polymerization of the Casparian strip by forming a protein
scaffold at the endodermal cells where lignin deposits. CSN5a/5b could adjust
the rate of protein ubiquitination and degradation by interacting with Cullin-RING
E3 ubiquitin ligases (CRLs). CRLs is a large enzyme family labelling proteins with
ubiquitin, and these proteins are subsequently recognized and degraded by the
26S proteasome.
MVLG_06175 and MVLG_05122 were tagged by generating fusion proteins
with mCherry or cyan fluorescent protein (CFP), respectively, and then
transformed into the model host plant Arabidopsis thaliana. Images taken from a
confocal microscopy showed that fluorescence signals of MVLG_06175 form
clustered granules or punctate regions at the tips of trichomes on leaves and in
root caps, while those of MVLG_05122 formed a clear band structure at the base
of leaf trichomes. These results indicate that the fungal MVLG_06175 might
affect the formation of the Casparian strip in the roots and the synthesis of
phytochemicals in the trichomes of host plants, and MVLG_05122 might modify
the development of trichomes. There were no significant phenotype changes in
A. thaliana transformed with MVLG_05122, while A. thaliana transformed with
MVLG_06175 showed statistically smaller rosette diameter and leaf quantity. It is
significant that both effector proteins located to the trichomes on leaves of model
transgenic plants. Trichomes are defensive structures of plants protecting against
both biotic and abiotic stresses. These findings suggested that M. lychnidisdioicae might apply the two effector proteins to alter host metabolism related to
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immune responses including the structure of trichomes in host plants.
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CHAPTER I: OVERVIEW OF THE BIOTROPHIC FUNGUS MICROBOTRYUM
LYCHNIDIS-DIOICAE

Infection Cycle of M. lychnidis-dioicae

The smut fungus Microbotryum lychnidis-dioicae is an obligate plant
parasite primarily infecting Caryophyllaceae species and resulting in smutted
anthers (Kemler, Goker, Oberwinkler, & Begerow, 2006). In the current study the
plant host is Silene latifolia. Similar to other smut fungal species, M. lychnidisdioicae has a diphasic life cycle—the haploid and dikaryotic stages. When the
fungus infects the S. latifolia, fungal proteins modify the metabolism and structure
of the plant host to benefit the fungal parasitism and proliferation.
The infection starts as the diploid teliospore germinates and undergoes
meiosis to yield haploid cells after landing on the host flower. The fimbriae of a
haploid cell extend to search for a mate. When two haploid cells of opposite
mating-types make contact with each other, they fuse to become dikaryotic
hyphae via conjugation and start penetrating the host tissues. The diploid hyphae
may reach to the roots, stay dormant during the winter, and rise to the flower next
spring. When the hyphae reach the stamen, karyogamy happens and the
dikaryotic hyphae become diploid fungal teliospores. The hyphae also utilize the
plant protein machinery to turn the anther into a structure filled with fungal
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teliospores, and the infection cycle restarts (Figure 1). Although female flowers
do not have anthers, the fungus can inhibit the development of gynoecium while
enhancing that of anther filament from a rudimentary stamen so that the
teliospore sac still replaces the structures of anthers on female flowers (Uchida,
Matsunaga, & Kawano, 2005). The SlSUP gene of S. latifolia, a homolog of the
floral development gene SUPERMAN (SUP), may be associated with the
inhibition of the stamen. Although both male and female S. latifolia have the
SlSUP gene, this gene is expressed only in female flowers. It is significant that
the expression of SlSUP in female flowers is suppressed when the flowers are
infected by M. lychnidis-dioicae (Kazama et al., 2009). Since the protein products
of SlSUP gene might inhibit the development of stamen in female flowers, one
possibility is that M. lychnidis-dioicae impedes the transcription of the gene to
enhance the growth of anther in female flowers.
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Figure 1: Life cycle of Microbotryum lychnidis-dioicae (adapted from Perlin et al.
(2015) with permission). The infection starts as the diploid teliospores land on the
host plant. The spores germinate and undergo meiosis to become haploid cells.
When two haploid cells of opposite mating type meet with each other, they fuse
to turn into dikaryotic hyphae and penetrate into the tissue of the plant host. The
hyphae may stay in the root stock during the winter, and return to the buds in the
next spring. As the hyphae occupy the anther, the two nuclei inside hyphae fuse,
and the hyphae develop into teliospores. These teliospores replace the pollen,
ready to be picked up by pollinator species and transferred to a naïve flower;
thus, the infection cycle starts again.
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Dimorphism of M. lychnidis-dioicae

Although genetic recombination is considered an important mechanism to
prevent the accumulation of deleterious mutations, the dimorphic structure of sex
chromosomes was evolved from the accumulation of mutations resulting from the
inhibition of genetic recombination around the sequences that determine
compatibility (Bergero & Charlesworth, 2009). Fungal species do not develop into
two different sexes, but rather, into two opposite mating type haploids to
determine mating compatibility. The major difference between the gamete and
the haploid is that the two mating types of haploids have equal influences on the
future offspring; they experience identical life stages and invest equal nutrient
supplement for the growth of hyphae (Abbate & Hood, 2010; Billiard, LopezVillavicencio, Hood, & Giraud, 2012). M. lychnidis-dioicae was identified as the
first fungal species with heteromorphic chromosomes controlling mating types.
The chromosomes are differentiated into a1 and a2 mating types and vary in
size: the a1 mating type is encoded on a mating chromosome whose size ranges
between 2.8 and 3.1 Mb, while the a2 mating chromosome is between 3.4 and
4.2 Mb (Hood, 2002). It is significant that the region restricted from recombination
for the a1 and a2 mating type chromosomes could be around 1 Mb (Votintseva &
Filatov, 2009). The large non-recombination area, as well as the dimorphic size of
mating type chromosomes, is in agreement with the features of a sexual
chromosome or allosome (Hood, Petit, & Giraud, 2013).
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Effector Proteins

Phytopathogens infecting and colonizing plants include prokaryotic
bacteria, eukaryotic fungi, oomycetes, and nematodes. They are classified into
the necrotrophs which degrade living tissues of the plant hosts and absorb the
nutrients, and biotrophs which colonize living tissues to grow and reproduce. The
biotrophic pathogens can be further subdivided into the obligate biotrophic and
hemibiotrophic pathogens (Selin et al., 2016). The obligate biotrophic pathogens
are completely dependent on living plant hosts, while the hemibiotrophic
pathogens initiate their life cycles as the biotrophic stage but end as the
necrotrophic stage. Phytopathogens have evolved dynamic genomes encoding
protein products transported or extruded out of cells to facilitate the degradation
of plant cell wall, absorption of nutrients, and/or modulation of the host. The
corresponding genes are associated with synthesis of secondary metabolites
such as mycotoxins and the effector proteins. Effector proteins, also referred to
as small-secreted proteins (SSPs), have appeared as the primary molecular
interactors with plant hosts to modify plant structure, metabolism, and defensive
responses in order to benefit the lifecycle of phytopathogens in plant-microbe
interactions. (Win et al., 2012). In some basidiomycete fungal species colonizing
on maize, such as Ustilago maydis and Sporisorium reilianum, the genes
encoding effector proteins are usually located on distinctive genomic regions and
form dispersed small gene clusters (Schmidt & Panstruga, 2011).
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The effector proteins often evolve at rapid rates, leading to high specificity for
their plant hosts. There are also low degrees of conserved amino acid sequences
among fungal effectors (Rouxel et al., 2011). Comparing effector proteins with
non-effector proteins, the effector proteins carry higher percentages of cysteine
residues but lower percentages of serine and tryptophan residues in the amino
acid sequence based on the predicted models of EffectorP. Furthermore, a
broader distribution of net protein charges is also a distinct feature of the fungal
effector proteins (Sperschneider et al., 2016). Among the fungal effector proteins,
they can be approximately separated into the apoplastic (extracellular) and
cytoplasmic effector proteins based on their destinations in the plant host. The
apoplastic effector proteins are secreted into the apoplast or xylem, while the
cytoplasmic effector proteins enter the cytoplasm of the cells. The apoplastic
effector proteins tend to contain multiple cysteine residues. However, this feature
is not universal. The disulfide bridges between cysteine residues could reinforce
the stability of effector proteins in the apoplast, an environment full of host
proteases (Stergiopoulos & de Wit, 2009).
Bacterial phytopathogens evolved the type III secretion system to directly
deliver effector proteins into the tissues of plant hosts. It is intriguing that certain
Rhizobium species apply effector proteins to establish the symbiosis relationship
with the legume plants. Rhizobial bacteria synthesize and release the Nod
factors, mainly lipochitooligosaccharide molecules, into the soil. These chemical
factors are recognized by leguminous receptors to stimulate plant nodule
formation. However, some rhizobial species, such as Bradyrhizobium elkanii
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USDA61, do not synthesize Nod factors. Rather, they utilize the type III secretion
system (T3SS) to transfer specific effector proteins to alter the legume’s signaling
transduction associated with nodulation in the plant tissues. This approach is
similar to that of pathogenic bacteria to colonize the plant hosts. Since the
symbiosis relationship can be considered a type of bacterial infection at the plant
nodules, B. elkanii USDA61 might also use T3SS to deliver other effector
proteins into the plant tissues to constantly suppress the plant immune system
(Teulet et al., 2019; Ratu et al., 2021). With respect to eukaryotic
phytopathogens, certain fungal and oomycete species have evolved special
structures to deliver effector proteins into the hosts. When the hyphae penetrate
the plant cell wall, some biotrophic fungal species and oomycetes secrete
effector proteins into plant cells through the haustoria which develop at the
terminal of hyphae. The haustorium is a specialized feeding structure surrounded
by the plasma membrane of the plant cell (Lo Presti et al., 2015; Fawke,
Doumane, & Schornack, 2015). Between the plant cell membrane and the
pathogen cell wall there is the extra haustoria matrix. Pathogenic effector
proteins are released into the matrix, and they may be translocated into the
cytoplasm of the host cells by endocytosis while binding to receptors on the plant
cell membrane. However, plant cells may also release proteasomes into the
matrix to hydrolyze pathogenic effectors (Fawke, Doumane, & Schornack, 2015).
Once the pathogenic effector proteins enter the cytoplasm of the host cells, they
may start modifications of host metabolism and structures as well as trigger the
plant immune responses.
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The agricultural industry has been studying the effects of fungal effector
proteins on crops. Examples of such effector proteins include the NIP1 protein of
Rhynchosporium secalis which is secreted into barley (Rohe et al., 1995),
specific recombinant fusion proteins of Cladosporium fulvum secreted into the
leaf of tomato (van Esse, Thomma, van 't Klooster, & de Wit, 2006), and the SIX1
protein of Fusarium oxysporum secreted into tomato (van der Does et al., 2008).
In smut fungal species, including M. lychnidis-dioicae of the current study,
effector proteins are also identified to facilitate the infection. For instance,
Ustilago maydis has 12 gene clusters which express effector proteins involved in
virulence. The deletion of the gene clusters showed phenotype alterations in
tumor formation, fungal development, and host penetration (Kamper et al., 2006).
Genes encoding effector proteins are host-specific and could vary among
closely related fungal species (Schmidt & Panstruga 2011). Modifications in
these genes could lead to the differentiation of saprophytic fungal species from
multiple related pathogenic subspecies (Rep, 2005). Additionally, the
differentiation of pathogenic species might occur as a family of effector proteins
diverged to target different host plant proteins in response to the changes of the
host defense system. Comparative genome analysis of the two related fungal
pathogens infecting maize, U. maydis and S. reilianum, have revealed conserved
genomic regions encoding fungal effector proteins along with some virulence
clusters (Schirawski et al., 2010). After deleting these conserved regions
individually, the researchers noticed the deletion resulted in different levels of
virulence changes on maize by the two fungal species. They also demonstrated
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that some of the common regions encoded very divergent fungal effector
proteins, indicating the effectors were interacting with different host proteins.
To avoid plant host detection, effector proteins have to neutralize the plant
immune system. The plant immune system in general contains two levels of
defensive mechanisms. The first level of plant defense is the pathogenassociated molecular pattern (PAMP)-triggered immunity (PTI), resulting from the
recognition of PAMPs. It occurs when the pattern recognition receptors (PRRs),
located on the plasma membrane of the plant cells, recognize the conserved
microbial membrane proteins and extracellular proteins as well as polysaccharide
structures such as bacterial flagellin and fungal chitin. Once the presence of
PAMPs is confirmed, mitogen activated protein kinase (MAPK) cascades deliver
phosphates from PRRs to related transcriptional factors to initiate subsequent
immune responses. Successful early colonization of phytopathogens depends
upon avoiding or suppressing the plant host PTI and utilizing the plant protein
machinery. As a result, some effector proteins of phytopathogens modify PTIrelated signaling cascades, leading to effector triggered susceptibility (ETS) of
the plant host to benefit the pathogenic infection. In response to the microbial
strategy, plants utilize the second level of defense in which plant disease
resistance (R) protein receptors, also known as NB-LRR (nucleotide-bindingleucine-rich repeat) receptors, attach to and recognize effector proteins and
trigger effector triggered immunity (ETI), including the hypersensitive response
(HR). HR is a form of programmed cell death (PCD) to prevent further spreading
of phytopathogens within host tissues (Jones & Dangl, 2006; Bigeard,

9

Colcombet, & Hirt, 2015).

The Purpose of the Study

Complete genome sequencing and analysis in silico has provided a
powerful tool to identify and compare new fungal virulence genes during
infection. With respect to the genome of M. lychnidis-dioicae, there are 279
proteins that are predicted to be secreted. Of these, 71 proteins are composed of
less than 250 amino acids. Additionally, the genes for 48 of the 71 protein
effectors show significantly elevated transcription levels while infecting the plant
host (Perlin et al., 2015), suggesting that they might play a key role in the
invasion of the host plant, and thus, could be considered as protein effectors.
The purpose of the current study was to investigate the interactions
between M. lychnidis-dioicae fungal effectors and plant host protein targets.
When M. lychnidis-dioicae infects S. latifolia, the fungal effectors might play an
important role in modulating the gene expression or protein function of the host
flowers to enhance the fungal reproduction, such as altering anther growth to
block pollen production and to allow fungal teliospore development there instead.
The current study selected the fungal genes MVLG_06175 and MVLG_05122 to
investigate possible target proteins of S. latifolia during infection. The genes were
chosen because (1) they are only 357 and 522 base pairs, respectively, encoding
very small predicted proteins, (2) the protein products were predicted to be
secreted in the plant host, (3) their expression was highly upregulated during
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infection, and (4) in comparison with other fungi (and the protein databases), they
appeared to be unique to M. lychnidis-dioicae or to Microbotryum species. As a
result, they might have a significant role to promote pathogenicity by regulating
S. latifolia functions related either to plant defense or development.
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CHAPTER II: IDENTIFICTION OF THE PLANT HOST PROTEINS
POTENTIALLY INTERACTING WITH THE FUNGAL EFFECTOR PROTEINS
DURING INFECTION

Overview

Biotrophic fungal species such as Microbotryum lychnidis-dioicae rely on
hijacking cellular machinery of living plant hosts to complete the fungal
reproduction cycle. They have evolved fungal effector proteins translocating to
the plant host cells to attenuate immune responses and to utilize nutrients,
structures and metabolism pathways without causing lethal damage to the host.
The current study applied yeast two-hybrid screening (Y2H) to identify plant
proteins of Silene latifolia potentially modified by fungal effector proteins
MVLG_06175 and MVLG_05122. Potential host plant interactor proteins were
identified for each: the Casparian strip membrane domain-like protein 2C1
(CASPL2C1) and COP9 signalosome subunit 5a/5b (CSN5a/5b) of the plant host
were found to interact with MVLG_06175 and MVLG_05122, respectively.
CASPL2C1 could be involved in the formation of the Casparian strip and
transport across cell wall barriers in the plant, while CSN5a/5b is associated with
ubiquitination of plant proteins, including those involved in the host defense
response.
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Introduction

The relationship between microbial parasitism and plant innate defense is a
co-evolved arms race. Obligate biotrophic fungi including rust fungi and powdery
mildew fungi have to depend on living host plants to complete the fungal life
cycle. This is also true of the smut fungus Microbotryum lychnidis-dioicae in the
current study. Different phytopathogenic fungal species develop different
approaches to enter the host plant tissues. In the case of M. lychnidis-dioicae, it
translocates its effectors via specialized hyphal structures. After two opposite
mating-type haploid cells of M. lychnidis-dioicae conjugate with each other on the
plant, they develop into dikaryotic fungal hyphae and form dome-shaped
structures called appressoria on the plant surface. Most necrotrophic fungal
species synthesize and secrete plant cell wall-degrading enzymes from
appressoria to digest the cellulose-based plant cell wall. Some hemibiotrophic
fungal species such as Magnaporthe oryzae and Colletotrichum spp. increase
turgor pressure in appressoria, facilitating mechanical penetration of hyphae into
the plant hosts (Lo Presti et al., 2015). Fungal species applying turgor pressure
in the appressoria evolve septa to separate the appressoria and hyphae; this
structure protects the hyphae from the potential damage caused by elevated
turgor pressure. However, there are no septa observed in the appressoria of M.
lychnidis-dioicae. Accordingly, the fungal appressoria may release lytic enzymes
for degradation of cell wall and penetration of hyphae into the plant tissues
(Schäfer, Kemler, Bauer, & Begerow, 2010). When the intercellular hyphae of
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certain obligate biotrophic fungal pathogens enter adjacent plant cells, they form
terminally specialized cell structures named haustoria which stay in between the
cell wall and plasma membrane of plants to absorb nutrients and release protein
effectors (Lo Presti et al., 2015; Garnica et al., 2014). The haustorium is not a
universal feature among biotrophic fungi. For instance, the biotroph Ustilago
maydis secretes effector proteins and absorbs nutrients from the invading hyphal
tip (Bielska et al., 2014)
As previously described, the plant host initiates PAMP-triggered immunity
(PTI) when the pattern recognition receptors (PRRs) on the cell membrane
recognize conserved microbial structures of invasive pathogens. Subsequently,
effector-triggered immunity (ETI) occurs when the plant disease resistance (R)
receptor proteins recognize pathogenic effector proteins (Jones & Dangl, 2006;
Bigeard, Colcombet, & Hirt, 2015). The immune responses of ETI are strongly
associated with the plant defensive hormones. Plants have evolved the salicylic
acid (SA) and jasmonic acid (JA) hormone signaling pathways to respond to the
infection of biotrophic and necrotrophic pathogens, respectively (Thomma et al.,
1998). During the infection of biotrophic fungi, the R receptor proteins attach to
fungal effector proteins, leading to the rise of the SA cellular concentrations at the
infection sites and the subsequent ETI which triggers programmed cell death
(PCD) to prevent further microbial colonization. Meanwhile, the elevation of SA
levels in tissues distant from the infection sites induces the acquired resistance
(SAR) that is used against many pathogenic species and lasts a longer period of
time (Furniss & Spoel, 2015). These SA-induced immune responses are
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mediated by a transcriptional cofactor NPR1 (Nonexpresser of PR gene 1), and
the cellular NPR1 level is regulated by ubiquitination through Cullin-RING E3
ubiquitin ligases (CRLs) and degradation through the 26S-proteasomes (Yan &
Dong, 2014).
There are some studies showing that the interactions between SA and JA
pathways are antagonistic with each other. In tobacco leaves, the expression of
pathogenesis-related genes (PRs) induced by increased SA levels is inhibited by
the increased JA levels, and vice versa (Niki et al., 1998). The infection of
Pseudomonas syringae pv tomato DC3000 on Arabidopsis thaliana
demonstrates that the increase in SA levels results in the accumulation of the
transcriptional cofactor NPR1 that suppresses JA levels (Spoel et al., 2003). The
antagonism between SA and JA signaling pathways in the plant tissues might
facilitate plants to spend resources on synthesis of the defensive hormones more
effectively (Kazan & Lyons, 2014). However, the hypothesis of the antagonistic
relationship raises a question of whether the plant become more susceptible to
infection by necrotrophic pathogens while the JA signaling pathways is
suppressed by the elevated SA concentrations during the infection of biotrophic
pathogens, and vice versa. In fact, the relation between JA and SA signaling
pathway may not always be antagonistic. A relatively recent study demonstrates
that the cytoplasmic SA receptor NPR3 and NPR4 may also facilitate the
degradation of JA transcriptional suppressor JAZ1s, leading to gene expression
of the JA signaling pathway. The JA signaling pathway positively regulates the
RPS2-mediated ETI, which is triggered by the binding of bacterial effector
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proteins to the RPS2 (resistance to Pseudomonas syringae 2) receptor, one of
the plant NB-LRR receptor proteins (Liu et al., 2016). Furthermore, both SA and
JA signaling pathway could become activated around the microbial infection
sites. The pathogenesis-related gene 1 (PR1) is a gene associated with the SA
pathway activity. Its promoter shows higher expression levels in cells surrounding
the lesion zone caused by PCD, indicating upregulated gene expression of the
pathway in the cells adjacent to the infection sites. Similarly, the vegetative
storage protein 1 (VSP1) is a gene associated with the JA pathway activity, but
its promoter shows higher activities in cells slightly away from the lesion zone;
there is a narrow spatial gap between the cells with higher activities of VSP1 and
the lesion zone (Betsuyaku et al., 2017). These signaling pathways regulating
plant immune responses are constantly interacting with microbial effector
proteins, thus the cell around the lesion zone is the frontline of co-evolution
between phytopathogens and plant hosts.
The current study sought to identify possible plant targets for putative
effectors of M. lychnidis-dioicae. To do so, yeast two-hybrid analysis was carried
out. The fungal genes MVLG_06175 and MVLG_05122 were cloned into the
bait vector, and the prey vector encoded a cDNA library acquired from flower
tissues of S. latifolia infected by M. lychnidis-dioicae. Both types of vectors were
transformed into yeast cells to conduct yeast two-hybrid screenings to identify
potential plant protein interactors of fungal protein effectors.
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Results

In Silico Identification of Effector Proteins
In silico protein analysis of M. lychnidis-dioicae showed there are 279
fungal proteins containing a secretion signal sequence (Perlin et al., 2015) that
did not otherwise appear to be localized to organelles or embedded in
membranes. Of this group, 71 proteins we predicted to contain less than 250
amino acids and classified as small secreted proteins (SSPs) or effector proteins,
and 46 of the 71 proteins were unique to the Microbotryum complex.
Furthermore, 19 Microbotryum-unique effector proteins were upregulated
significantly when the fungus is infecting S. latifolia. Enhanced expression of the
19 effector proteins indicates that they could facilitate the fungal colonization
during the infection (Kuppireddy et al., 2017). The current study focuses on two
predicted effector proteins, MVLG_06175 and MVLG_05122, to elucidate their
functions within the host tissues via identification of the host proteins potentially
affected or modified by the two fungal proteins. Table 2.1 lists the amino
sequences and the values from EffectorP 2.0 of the two fungal effector proteins.
Fungal effector proteins with values > 0.5 are considered SSPs or effectors.
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Table 2.1: Determination of MVLG_06175 and MVLG_05122 as protein effectors
Protein

EffectorP 2.0

Amino Acid Sequence

Sequence

Likelihood

MVLG_06175

Effector

MWTSSIVQAALLFAVIVLYSSPVVAWAFCPFGKTAEHMAI

(0.991)

CSSLCRMRCYDPNSGTSNSTCRNACTGQYHVSRSLNAADQ
CMQQCDRFTKDKKKQGEGKLEHKRCLHKCTDWFFPLNL

MVLG_05122

Effector

MLFKVSAALVLAGLSLGASALPSMSTESRAQPSPSSNKSP

(0.701)

YGRTGYIDSPADRKTTTYKVGDKIHFVYTSAPATYFVDVS
LMLANGSQSFQLANRLTGSSMISNDANARAYFRMPENLKT
IATELLAASQDEHSGAMKNNNCILAYLIAKETQNGQYGLV
GNLETKQAIAISM

Verification of Secretion by Yeast Secretion Trap Test
To verify that both fungal protein effectors MVLG_06175 and MVLG_05122
were secreted from fungal cells, yeast secretion trap (YSP) test (Lee et al., 2006)
was used. Saccharomyces cerevisiae strain SEY 6210 has a deletion of the
SUC2 locus encoding invertase. Invertase catalyzes the hydrolysis of sucrose to
fructose and glucose. As a result, SEY 6210 is unable to proliferate in media
where sucrose is the sole carbon source. To rescue this defect in sucrose
utilization, vector pYSTO-0 was employed as a test of predicted secretion signal
peptides in putatively secreted proteins. The vector contains the coding region of
SUC2, but the gene lacks the start codon and a portion encoding the signal
sequence. SUC2 will not express invertase in the absence of the start codon
and, unless a functional secretion signal is provided, invertase will remain in the
cytosol and thus, not contribute to ability to utilize sucrose as a sole carbon
source. This is due to the inability of S. cerevisiae and many fungi, to transport
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sucrose from the media. Additionally, the vector encodes a gene for production of
leucine, allowing selection of successfully transformed colonies in medium
lacking leucine. The signal sequence of MVLG_06175 and MVLG_05122 were
amplified by PCR and inserted ahead of SUC2 in-frame in the vector pYSTO-0,
and the newly constructed vectors were transformed into yeast strain SEY 6210.
The yeasts were cultured in medium in which leucine was absent and sucrose
was the only carbon source. If the examined protein effectors are normally
secreted from fungal cells, their signal peptides would lead invertase to be
secreted out of the yeast cells as well; the yeast could thereby digest sucrose
and absorb glucose to grow. This was indeed observed with the YSP test for both
effectors (Figure 2.1). Comparing with the yeast transformed with vector only,
those transformed with the fungal signal sequence grew well in the media where
sucrose was the only carbon source.

Figure 2.1: Yeast secretion trap assay. S, cerevisiae SEY 6210 cells transformed
with pYSTO-0 encoding either the secretion signal sequence of MVLG_06175
(Left) or MVLG_05122 (Right) upstream of SUC2 were able to proliferate on agar
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where leucine was absent and sucrose was the only carbon source, indicating
both MVLG_06175 and MVLG_05122 are normally secreted from fungal cells.
Suc0 only, the pYSTO-0 vector without the signal sequence and start codon, as a
negative control. 6175SP/5122SP in Suc0, the vector with the signal sequence of
MVLG_06175/MVLG_05122. 10X and 1/10, 10-fold dilution. 100X and 1/100,
100-fold dilution.

MVLG_06175 Interacts with Two Fungal Proteins and One Plant Host
Protein
Yeast two-hybrid screening on MVLG_06175 yielded around 2500 yeast
colonies presenting different degrees of blue color on QDO/X-α-gal + 3AT (5 mM)
medium. Around one thousand colonies were transferred to medium with a more
stringent concentration of 3-AT (50 mM) to reduce the leaky activity of the HIS
allele, and 220 yeast colonies with the deepest blue color were selected for
further investigation. Among the 60 samples analyzed by sequencing, 39 were
characterized bioinformatically (data illustrated in the supplemental material,
appendix). In silico analysis provided insight into the possible genes encoded by
the respective cDNA clones. Comparison of these DNA sequences using blastn
or blastx against the database of the Broad Institute and the National Center for
Biotechnology Information (NCBI) identified protein products of two M. lychnidisdioicae genes and one plant gene potentially interacting with the fungal protein
MVLG_06175. Of the 39 samples, four matched plant gene SOVF_158740
and/or CASP-like proteins (Table 2.2), one matched a M. lychnidis-dioicae fungal
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gene MVLG_06379 (Table 2.3), and the remaining 34 samples matched M.
lychnidis-dioicae fungal gene MVLG_07305 (Table 2.4). For the matches to plant
genes, the highest matches were the SOVF_158740 of spinach (Spinacia
oleracea), the CASP-like protein 2C1 (CASPL2C1) of beetroot (Beta vulgaris
subsp. vulgaris), the CASP-like protein 2C1 of soybean (Glycine max), and
CASP-like protein 3 of wild soybean (Glycine soja) (Table 2.2). Moreover,
comparison of the cDNA clone sequences that matched plant sequences with
transcriptome data from the S. latifolia identified putative S. latifolia transcripts of
CASPL2C1 (S. Toh, personal communication).

Table 2.2: BLASTX outcome of yeast colony J7-2 on NCBI

Table 2.3: BLASTX outcome of yeast colony J117 on NCBI
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Table 2.4: BLASTX outcome of yeast colony A1 on NCBI

MVLG_05122 Interacts with One Plant Host Protein
The current study acquired a total of 53 blue yeast colonies on QDO/X-αgal + 3AT (25 mM) medium from Y2H of MVLG_05122, and 30 of them were
analyzed by sequencing (data illustrated in the supplemental material, appendix).
After comparing these DNA sequences using blastx against the database of the
National Center for Biotechnology Information (NCBI), the result showed all of
the identified protein products of the cDNA library matched the constitutive
photomorphogenesis 9 (COP9) signalosome complex subunit 5a and/or 5b
(CSN5a/5b) from plants (Table 2.5). CSN5a and CSN5b are two homologous
proteins although the expression level of CSN5a is higher in plant cells. The CSN
protein complex consists of 8 subunits, and CSN5a/5b is the enzymatic center for
the isopeptidase activity.
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Table 2.5: BLASTX outcome of yeast colony 30-2 on NCBI

Further Confirmation of Y2H Interactions: Swap of Fungal Effector Genes
into the Opposite Vector
Yeast two-hybrid is notorious for generating false positive interaction
results. The interactions between proteins expressed from the bait vectors and
prey vectors observed in Y2H thus require further confirmation by swapping
genes into the opposite vectors and repeating the Y2H. Both MVLG_06175 and
MVLG_05122 continued to show interaction with their corresponding plant
proteins after exchange of vectors, i.e., after the respective effector genes were
cloned into the Prey vector and their respective plant host genes cloned into the
Bait vector. These results indicated that the protein-protein interactions between
the phytopathogenic fungal and plant host proteins initially observed were likely
genuine (Figure 2.2 and 2.3).

23

Figure 2.2: Y2H spot test on MVLG_06175. In order to reconfirm the proteinprotein interactions between the fungal and host plant proteins, Y2H spot tests
with and without vector-switch were conducted for comparison. The fungal gene
MVLG_06175 was first expressed from the bait vector bearing a binding domain
(BD) and plant gene CASPL2C1 was expressed from the prey vector bearing an
activating domain (AD) (Left panel). The bait vector and prey vector were
transformed into AH109 and Y187 yeast strains, respectively. The two yeast
strains were mated and spotted onto agar containing QDO medium/X-α-gal +
3AT (50 mM) (Left panel). To ensure that interactions were not due to artifacts of
the particular vectors, both genes were amplified and inserted into the opposite
vector, followed by transformation and mating of yeast (Right panel). The result
showed MVLG_06175 and CASPL2C1 interacted although they were expressed
from the opposite vector, suggesting the protein-protein interactions are genuine.
BD-p53+AD-T, the positive control for Y2H interactions. BD+AD, bait and prey
vectors with no inserts, as a negative control. Undil, undiluted. 10X and 100x, 10fold and 100-fold of dilution.
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A.

B.

Figure 2.3: Panels A and B, Y2H spot test. Similar to the trial of MVLG_06175,
Y2H spot tests with and without vector-switch were conducted to reconfirm the
protein-protein interactions. The result also showed MVLG_05122 interacted with
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CSN5a/5b (Panel A). The protein-protein interactions remained after I switched
the vector containing the fungal and plant genes (Panel B). BD-p53+AD-T,
positive control for interaction. AD, AD-T, BD, and BD-p53, the negative controls.
BD-5122+AD, BD+AD-CSN5a/5b, BD-CSN5a/5b+AD, and BD+AD-5122, one of
the two mating yeast strains carries bait or prey vectors with no insertions, as
negative controls. Undil, undiluted. 10X and 100X, 10-fold and 100-fold of
dilutions.

Discussion

Fungal Protein MVLG_06175 and Plant Protein CASPL2C1
It is significant that the majority of clones found interacting with the fungal
protein MVLG_06175 in Y2H are two other M. lychnidis-dioicae fungal proteins,
MVLG_07305 and MVLG_06379. Based on the database of the Joint Genome
Institute (JGI), MVLG_07305 is a fungal protein predicted to encode a mannose
binding domain protein, while MVLG_06379 is predicted to encode a citrate
lyase. Although a significant number of blue yeast cells showed fungal protein
MVLG_07305 interacted with fungal protein MVLG_06175 in the current study,
transcriptome analysis using Next-Generation Sequencing (RNA-Seq)
demonstrated that MVLG_07305 was down-regulated late in the infection in S.
latifolia (Toh et al., 2017). Since MVLG_07305 is down-regulated during infection,
perhaps it functions as an inhibitor of fungal protein MVLG_06175 before
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MVLG_06175 enters the tissues of the plant host. The same hypothesis could be
applied to MVLG_06379 because both MVLG_07305 and MVLG_06379 were
predicted via bioinformatic tools not to be secreted. Their interactions with
MVLG_06175 are most likely in the fungal cytoplasm.
The comparison of sequencing results on NCBI showed that during the
infection of M. lychnidis-dioicae, the major plant proteins interacting with the
fungal protein MVLG_06175 are the hypothetical protein SOFA_158740 and/or
CASP-like proteins (Table 2.2). The function of the protein SOFA_158740 is
unknown, but the CASP-like proteins are homologs of the Casparian strip
membrane domain proteins (CASPs) that are associated with the formation of
the Casparian strip. CASPs are four-span transmembrane proteins with the
carboxyl and amino ends in the cytoplasm. These proteins deposit on the surface
of the endodermal cell membrane and polymerize to form a protein scaffold
surrounding the endodermis as the precursor of the Casparian strip (Roppolo et
al., 2011). This process is followed by the attachment of lignin. The synthesis of
lignin requires the formation of hydrogen peroxide, which is catalyzed by
localized NADPH oxidases, as the electron acceptor. Monolignols are oxidized to
lignin when the hydrogen peroxide is reduced to water, and the oxidationreduction reaction is catalyzed by localized peroxidases. (Lee, Rubio,
Alassimone, & Geldner, 2013). Additionally, the deposition of lignin on the protein
scaffold might need the guidance of the enhanced suberin 1 (ESB1), a dirigent
domain-containing protein. ESB1 binds to the protein scaffold and attracts lignin
to deposit at the correct locations (Hosmani et al., 2013).
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The Casparian strip is a specialized cell wall structure surrounding the
endodermis. It separates the cortex and stele as well as regulates the flow of
water and transportation of solutes in the plant. It blocks apoplastic diffusion so
that all solutes, salts and water can only enter the xylem and phloem through the
cytoplasm of the endodermis. (Naseer et al., 2012; Robbins, Trontin, Duan, &
Dinneny, 2014; Roppolo et al., 2011; Steudle, 2000). The Casparian strip mainly
forms in the root, but it also is found in specific tissues of certain plant species,
such as the stem of pea (Karahara et al., 2011), the needles of pine (Wu et al.,
2003), and the leaves of quillworts (Romeo, 2000). The Casparian strip might be
directly involved in plant defense against microbial invasion as well. Interestingly,
it has been demonstrated that the hyphae of mycorrhizal fungi, forming a
mutualistic relationship with plants, are unable to pass the Casparian strip to
enter the stele of roots (Machado, Pereira, & Teixeira, 2013). In terms of the
functions of Casparian strip membrane domain-like proteins (CASPLs), previous
research shows CASPLs could be associated with the membrane protein barriers
for the regulation of diffusion and protein scaffolds for the synthesis of the
Casparian strip. Some of CASPLs are identified to be expressed at the root
endodermis, peripheral root cap, root meristem zone, trichomes, lateral root
primordia, young leaves, and floral organ abscission zone in Arabidopsis thaliana
(Roppolo et al., 2014). Although studies specifically on CASPL2C1 are currently
absent, this protein might be correlated with the formation of the Casparian strip,
too.
Both CASPs and CASPLs are integral membrane proteins with four
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transmembrane helices. This type of protein structure is a common feature in the
myelin and lymphocyte (MAL) and is related to proteins for vesicle trafficking and
membrane link (MARVEL) domain protein family in the animal kingdom. MARVEL
domain proteins are associated with the functions of epithelial tight junctions
(Sánchez-Pulido et al., 2002). Since CASPLs and MARVEL domain proteins are
orthologous, CASPLs could as well be involved in tight junction functions in plant
cells. Relating this information to the fungal infection, M. lychnidis-dioicae might
alter the formation or structure of the Casparian strip by the interactions between
MVLG_06175 and CASPL2C1; facilitated by the fungal protein effector the
invasive hyphae could then be able to penetrate into the xylem and phloem of the
plant host. The hyphae of M. lychnidis-dioicae are observed in the intercellular
space in the rootstocks of S. latifolia (Schäfer, Kemler, Bauer, & Begerow, 2010).
The researchers unearthed the rootstock of infected S. latifolia in early February
and cut the rootstocks to thin slices. Under light microscopy they found the cells
of M. lychnidis-dioicae in the intercellular space. The study outcome showed that
the fungal hyphae penetrated into stele of the host plant and extended to the
root. Alterations of the Casparian strip resulting from fungal effectors might also
occur at the meristem of new tissues such as shoots.

Fungal Protein MVLG_05122 and Plant Protein CSN5a/5b
Sequencing results showed that the plant proteins which were identified as
potential interactors for MVLG_05122 in 30 blue colonies in Y2H were
constitutive photomorphogenesis 9 (COP9) signalosome complex subunit 5a and
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5b (CSN5a/5b). The CSN complex is composed of eight subunits, and subunits
5a and 5b are the catalytic center with the isopeptidase activity. The two subunits
are homologous proteins in S. latifolia, with CSN5a being more highly expressed
and mutations in that subunit producing more prominent phenotypes (Gusmaroli,
Feng, and Deng, 2004). In the model plant, Arabidopsis thaliana, the
homozygous silencing or knockdown of CSN5b did not cause significant changes
in the phenotype of the plant. In contrast, homozygous silencing or knockdown of
CSN5a resulted in significant growth defects such as reduced growth at seedling
and adult stages, impaired lateral root formation, impaired root hair formation,
loss of apical dominance, depleted trichomes, and smaller flower size. It is
noteworthy that silencing of both CSN5a and 5b led to lethality at the seedling
stage (Dohmann, Kuhnle, & Schwechheimer, 2005; Gusmaroli, Figueroa, Serino,
& Deng, 2007).
The CSN protein complex could interfere with the enzymatic activity of
Cullin-RING E3 ubiquitin ligases (CRLs), a superfamily of ubiquitin ligases that
transfers ubiquitin to proteins which are subjected to degradation by the 26Sproteasome (Choi, Gray, Mooney, & Hellmann, 2014). CSN5a/5b functions as an
isopeptidase catalyzing the removal of the Nedd8 protein from CRLs. Without the
subunit Nedd8 the CRLs are unable to transfer ubiquitin to the protein destined to
be degraded (Wei, Serino, & Deng, 2008). The process of ubiquitination is
mediated by the E1 enzyme for activation, E2 enzyme for conjugation, and E3
enzyme for ligation. Ubiquitin attaches to the E1 enzyme, an ATP-dependent
reaction, through a thioester bond. The ubiquitin is transferred from the E1
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enzyme to the E2 enzyme. The E3 enzyme recruits the E2 enzyme and catalyzes
the transfer of the ubiquitin to the target protein (Dikic & Roberson, 2012).
The ubiquitination and degradation of proteins through CRLs and 26Sproteasomes are important in regulating plant development and immune
responses such as the induction of genes, oxidative burst, hormone signaling,
and programmed cell death (PCD) (Trujillo & Shirasu, 2010; Seo, Song, Chung,
& Lee, 2013). Plants have evolved a large quantity of proteins to adjust rates of
protein turnover. Taking A. thaliana as an example, up to 6% of the plant
proteome is associated with protein removal, and the plant genome encodes
more than 1400 different E3 ligase components (Vierstra, 2009). Due to their
prominent influences, these plant ligases and proteasomes have become
potential targets to be modified by various phytopathogen species. Effector
proteins could directly bind to the CRLs to alter the rate of ubiquitination. AVR3a
is a protein effector synthesized by Phytophthora infestans, an oomycete species
infecting potato, maize, and tobacco. The U-box E3 ligase CMPG1 of the plant
host constantly undergoes self-ubiquitination and the subsequent degradation by
the 26S-proteasome, and the fast degradation of the CMPG1 is essential to
initiate programmed cell death (PCD) of plant tissues. The binding of AVR3a to
CMPG1 could stabilize the CMPG1 by preventing further self-ubiquitination. The
reduction in degradation rate of the CMPG1 might in turn decrease the
occurrence of PCD during the colonization of P. infestans (Bos et al, 2010).
Additionally, the effector proteins may function as a ubiquitin ligase rather than
bind to host E3 ligases. The type III secretion system effector AvrPtoB of
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Pseudomonas syringae pv. tomato, a bacterial species infecting tomato, carries a
domain mimicking the activity of plant E3 ubiquitin ligases. The bacterial effector
could ubiquitinate many plant host kinases responsible for the initiation of
immune responses. The higher degradation rate of these kinases leads to
increased susceptibility of tomatoes to the bacterium (Rosebrock et al., 2007).
Effector proteins could also target the proteasome to alter the protein
degradation rate. Syringolin A (SylA) synthesized and secreted by P. syringae pv
syringae is a virulence factor covalently binding to the catalytic subunits of
eukaryotic 20S proteasomes, which causes irreversible inhibition of the
proteasomes (Groll et al., 2008). The sylA mutated bacteria are unable to reduce
the accumulation of salicylic acid, leading to the activation of the PCD in host
plants (Misas-Villamil et al., 2013).
With respect to MVLG_05122 of M. lychnidis-dioicae, perhaps it modifies
the ubiquitination and degradation rate of plant proteins, as well. As
phytopathogens enter plant host tissues, the plant disease resistance (R)
receptor proteins recognize and bind to protein effectors released from
pathogens. The perception of protein effectors initiates the effector-triggered
immunity (ETI). The immune responses include elevated salicylic acid (SA)
concentrations and PCD to limit further colonization by the phytopathogens (Yan
& Dong, 2014). Cytoplasmic levels of R receptor proteins and the following
signaling pathways are tightly regulated to avoid autoimmune responses in the
plant. The Cullin 1-RING E3 ubiquitin ligase (CRL1) consisting of the CUL1
backbone is one of the ubiquitin ligases responsible for ubiquitination of R
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receptor proteins for their subsequent degradation by 26S-proteasome (Figure
2.4). CSN5a/5a potentially interacting with protein effector MVLG_05122
catalyzes the cleavage of Nedd8 protein from

Figure 2.4: Ubiquitination and degradation of the R receptor protein and NPR1
transcriptional coactivator. The two proteins are labeled with ubiquitin by the
Cullin 1 (CRL1) and Cullin 3-RING E3 ubiquitin ligase (CRL3), respectively. The
marked proteins are subsequently degraded by the 26S-proteasome. U,
ubiquitin. E2, E2 enzyme conjugating ubiquitin. RBX, RING BOX-1 protein. N,
Nedd8 protein. F (F-box protein), SKP1 (S-phase kinase-associated protein 1),
and BTB (bric-a-brac, tramtrack, and broad complex), adaptor and receptor
proteins recognizing R receptor protein and NPR1 transcriptional coactivator.
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CRLs. The removal of Nedd8 inhibits the CRLs enzymatic activity and thus
hinders the CRLs-mediated ubiquitination on R receptor proteins (Furniss &
Spoel, 2015). As a result, deactivation of CSN would potentially resume R
receptor proteins ubiquitination and degradation by the CRLs and proteasome. It
is not clear whether the effector protein MVLG_05122 would inhibit or enhance
CSN activity. However, if the effector protein inhibits CSN, it would lead to a
reduction in intracellular R receptor protein levels which might weaken the
recognition of fungal effectors and delay the following effector triggered immunity
(ETI); this would benefit the fungal colonization by M. lychnidis-dioicae (Figure
2.5)
In addition, the interactions between MVLG_05122 and CSN might also
affect the activity of the Cullin 3-RING E3 ubiquitin ligase (CRL3), another
member of the E3 ligase family. CRL3, consisting of the CUL3 backbone, can
alter cellular levels of NPR1 by ubiquitination and the following protein
degradation (Figure 2.4). NPR1 is a transcriptional coactivator triggering the
expression of genes associated with the systematic acquired resistance (SAR)
and PCD. SAR grants plants immunity against a broad spectrum of
phytopathogens for a longer period of time. NPR1 forms oligomers in the
cytoplasm by disulfide bonds between two cysteine residues. As the microbial
infection progresses the cellular SA concentration continues rising, leading to
changes in the cellular oxidation-reduction status. The disulfide bonds within the
NPR1 oligomers are broken due to the redox changes, and oligomers turn into
monomers which translocate to the nucleus to stimulate defense-related gene
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Figure 2.5: A hypothetical model of the inhibition of CSN complex resulting from
the interactions between MVLG_05122 and CSN5a/5b. The removal of Nedd8
protein catalyzed by the CSN complex causes the dissociation of the CRL1 and
CRL3, which in turn inhibits the ubiquitination of the R receptor protein and NPR1
transcriptional coactivator. When MVLG_05122 is interacting with the CSN5a/5b,
which is the catalytic center of the protein complex, the enzyme activity of E3
ligase might be resumed and ubiquitination of proteins would continue. U,
ubiquitin. E2, E2 enzyme conjugating ubiquitin. RBX, RING BOX-1 protein. N,
nedd8 protein. F (F-box protein), SKP1 (S-phase kinase-associated protein 1),
and BTB (bric-a-brac, tramtrack, and broad complex), adaptor and receptor
proteins recognizing R receptor protein and NPR1 transcriptional coactivator.
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expression. It is estimated that this transcriptional coactivator regulates
expression of more than 2200 genes in Arabidopsis thaliana (Furniss & Spoel,
2015; Kinkema, Kan, & Dong, 2000; Wang, Amornsiripanitch, & Dong, 2006). By
interacting with the plant protein complex CSN which is responsible for regulation
of CRL3, the MVLG_05122 could affect the cytoplasmic concentrations of the
NPR1 to delay or inhibit the occurrences of subsequent immune responses
(Figure 2.5).
In summary, we hypothesize that the fungus could enhance the
ubiquitination and degradation of the R receptor proteins and the transcriptional
coactivator NPR1 by inhibiting CSN activity as a result of the protein-protein
interactions between MVLG_05122 and CSN5a/5b. This suggests that the plant
protein turnover might be an important process to target in order for M. lychnidisdioicae to successfully colonize the host plant.

Materials and Methods

cDNA Library Construction
Total RNAs were isolated from a variety of stages of the M. lychnidis-dioicae
life cycle, including in vitro stages and different stages of infection of male and
female S. latifolia (Table 2.6). The samples included RNA sequences of both the
fungus and the plant host. The samples from each life stage were pooled and
sent to CD Genomics (Shirley, NY) for reverse transcription and establishment of
the cDNA library within a prey vector, pGADT7 (Clonetech, pGADT7 AD Vector
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Information, protocol No. PT3249-5, version No. 010312), for use in yeast twohybrid analysis.

Table 2.6: Total RNAs extracted from different developmental stages of the M.
lychnidis-dioicae
ID

Tissue type

Concentrati

Bioanalyser

Volume

Volume left

on (ng/μl)

concentration

used (μl)

(μl)

(ng/μl)
C2

p1A1 Nutrient free

132.9

90

535

0

D2

p1A2 Nutrient free

144.7

105

475

95

E1

Mated

161.5

131

385

410

A

FI Big (15-24 mm)

134.7

102

475

0

B

FI FS (pedicle and

144.3

120

420

250

remaining of cluster and
sepals) *
C

FI Young (7-14 mm)

162.4

135

370

210

D

FI Young (3-6 mm)

154.7

128

390

295

E

MI FS (pedicle and

150.1

129

385

0

135.1

122

410

190

140.7

129

390

92

remaining of cluster and
sepals) #
F

MI Young and Small (2-6
mm)

G

MI Big (8 mm onwards)

* FI FS is the abbreviation of female infected flora stem
# MI FS is the abbreviation of male infected flora stem

Ligation and Cloning of the Gene MVLG_06175 and MVLG_05122
The fungal effector sequences are available in the JGI Fungal Genome
database (Nordberg, Cantor et al. 2014). In order to acquire the gene
MVLG_06175 and MVLG_05122, two short DNA sequences located at the
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beginning and end of the coding regions in the M. lychnidis-dioicae genome were
used to design primers for polymerase chain reaction (PCR). The primer
MVLG_6175NewF (5’-GCCGAATTCTTTTGTCCCTTTGGAAAAACGGCG-3’)
and MVLG_06175R (5’-GACGGATCCTTAGAGATTTAGAGGAAAGAACCA-3’)
were for the amplification of MVLG_06175, while the MVLG_05122NewF (5’GCCGAATTCCTCCCCAGCATGAGCACGGAGTCG-3’) and MVLG_05122R (5’GACGGATCCCTACATGCTTATAGCGATCGCTTG-3’) were for that of
MVLG_05122. The upstream primer included a sequence recognized by the
restriction enzyme EcoRI (GAATTC) at its 5’ end, whereas the downstream
primer contained one recognized by BamHI (GGATCC). The signal sequence of
the MVLG_06175 and MVLG_05122 were identified in silico (SignalP 4.1 Server:
Center for Biological Sequence Analysis, Technical University of Denmark DTU),
and primers were designed to exclude the signal sequence in PCR to reduce the
likelihood that this might interfere with the subsequent yeast two-hybrid
screening. The setting of the PCR cycle was 94°C of initial denaturation
temperature for 4 min, followed by 35 cycles of 94°C for 30 sec, 60°C for 30 sec,
and 72°C for 45 sec. The final extension was 72°C for 5 min. Gel electrophoresis
by 1.5% agarose (Agarose Unlimited USB Corp., Cleveland, OH, USA) was used
to separate the amplified fungal effector sequences. After PCR, both fungal
effector genes were cloned by TOPO TA Cloning into the vector pCR® 2.1
(Thermo Fisher Scientific. Inc), and transformed into Escherichia coli strain TOP10 cells, according to the recommendations of the manufacturer. The addition of
250 μl of SOC broth and one-hour shaking followed by incubation at 37°C
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allowed expression of its introduced DNA, after which 120 μl of aliquot was
spread to Luria broth (LB) agar plates (0.5% yeast extract, 1% sodium chloride,
0.5% tryptone, and 2% agar). The media contained 200 μg/ ml ampicillin and Xβ-gal, as the colorimetric indicator of β-galactosidase activity; this allowed
screening for plasmids with inserts, for which the colonies would be white. The
transcription of β-galactosidase would be interrupted if the MVLG_06175 and
MVLG_05122 were successfully inserted into the multiple cloning sites of the
vector. The vector pCR® 2.1 containing the cloned fungal effector genes were
propagated in E. coli and later extracted by an alkaline lysis protocol (Sambrook
& Russell, 2001). Purified plasmids were then digested with restriction enzymes
EcoRI and BamHI to ensure the sequence of MVLG_06175 and MVLG_05122
included the two enzyme cutting sites at two ends, and the sequences were
preserved for ligation.
The vectors used in the following yeast-two hybrid screening are the bait
vector pGBKT7 (Clonetech, pGBKT7 Vector Information, protocol No. PT3248-5,
version No. PR8Y2643) and the prey vector pGADT7 (Clonetech, pGADT7 AD
Vector Information, protocol No. PT3249-5, version No. 010312). For directed
yeast two-hybrid experiments with specific genes, the bait and prey vector were
digested with restriction enzymes EcoRI and BamHI (with the appropriate buffer)
to become linear. The sequences of MVLG_06175 and MVLG_05122 collected
from the restriction digestion were connected to the opened bait vector pGBKT7
by T4 DNA ligase, while the cDNA library prepared by CD Genomics (Shirley,
NY) was constructed in the prey vector. These vectors were propagated in E. coli
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strain DH5α (Bethesda research Laboratories, Bethesda, MD, USA).

Yeast Transformation
Frozen-EZ Yeast Transformation II™ (Zymo Research Corp.) was applied
to transform gene constructs into competent yeast cells. The bait vector pGBKT7
carried the two fungal effector genes, while the prey vector pGADT7 cDNA library
carried the cDNA library prepared by CD Genomics (Shirley, NY). These
genetically modified bait and prey vectors were transformed into yeast strain
AH109 and Y187, respectively, with certain modifications in the procedure. The
Kit includes solution EZ 1, 2 and 3. To make competent AH109 and Y187 strains,
yeast cells were grown shaking in 10 ml YPD broth (1% yeast extract, 2%
peptone, 10% dextrose, and 0.1% kanamycin) at 30°C overnight. The ideal
absorbance at 660 nm (OD660) to harvest the competent cells was between 0.8
and 1.0 (between 5 x 106 and 2 x 107 cells/ml). The yeast culture was centrifuged
at 1000 rpm for 4 min. The pellet was resuspended in 10 ml of solution EZ 1 after
discarding the supernatant, followed by repeating the centrifugation of the yeast
culture and resuspending the pellet with solution EZ 2. According to the protocol,
the transformation efficiency would be greatly enhanced if the cell concentration
of the yeast culture was high, hence the current study resuspended the pellet in
0.5 ml of solution EZ 2 rather than 1 ml. The yeast culture was aliquoted into ten
1.5 ml microcentrifuge tubes. Each tube contained 50 μl of yeast culture and was
stored at -80°C.
For transformation, one 1.5 ml microcentrifuge tube with the yeast culture
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was thawed and mixed with 0.2-1 μg of pGBKT7 bearing fungal effector genes or
pGADT7 bearing cDNA library, 500 μl of the solution EZ 3, and 2 ml of YPD
broth. The mixture was incubated at 30°C for 2 hours. It is recommended to flick
the tube with fingers every 20 min during the incubation. 150 μl of the mixture
was spread on plates containing selection medium (leucine drop-out medium for
pGADT7 and tryptophan drop-out medium for pGBKT7), and the plate was
incubated at 30°C for 2-4 days. Yeast colonies were harvested and resuspended
in 5 ml of YPD broth containing 10% glycerol. The suspension was aliquoted into
1.5 ml microcentrifuge tubes and frozen at -80°C for long-term storage.

Yeast Secretion Trap Assay
Signal peptides lead the newly synthesized protein products to reside on
the cell membrane and on certain organelles such as Golgi apparatus. They also
guide some proteins to be secreted from the cell to the surrounding medium or
environment. As for fungal effector proteins, they need to subsequently enter
tissues or the apoplast to affect host structures and/or metabolism. As a result, it
was necessary to determine whether the two fungal effector proteins in the
current study were truly secreted out of the fungal cell. The yeast secretion trap
assay applied the SEY 6210 yeast strain which carries pYSTO-0 vector encoding
an invertase gene SUC2. Invertase can hydrolyze a sucrose molecule to a
fructose and a glucose molecule, and the yeast can absorb and utilize the
glucose as the carbon source. However, the invertase synthesized by the SEY
6210 strain will not be secreted extracellularly because the SUC2 gene in the
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pYSTO-0 vector lacks the signal sequence. Additionally, the vector also encodes
LEU2 gene expressing leucine for selection. Therefore, the yeast cells will not be
able to proliferate in media where sucrose is the sole carbon source and leucine
is absent.
The secretion signal sequences of MVLG_06175 and MVLG_05122 were
amplified by PCR and inserted upstream of the SUC2 gene in the pYSTO-0
vector by restriction enzyme digestion and ligation. Primers to amplify the signal
sequences are listed in Table 2.7. The genetically constructed vector was cloned
into an E. coli strain DH5α (Bethesda research Laboratories, Bethesda, MD,
USA), and later was extracted from bacterial transformants and then transferred
into the SEY 6210 yeast strain.

Table 2.7: Primers to acquire signal sequences of MVLG_06175 and
MVLG_05122.
Name

Sequence (5’ to 3’)

Source

6175 Signal F

5’GCCCATATGATACATCGTCCTCAAGC

This study

CAG-3’
6175 signal R

5’GCAGGATCCGAGATTTAGAGGAAAGA
ACCAAT-3’

This study

5122 Signal F

5’GCCGAATTCATGCTCTTCAAAGTTTCC
GCC-3’

This study

5122 Signal R

5’GCCGCGGCCGCCAGCCGAAGCACCG
AGTGA-3’

This study
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Yeast Two-Hybrid Screening
Yeast-two hybrid screening (Y2H) is one of the methods to identify the
interactions between biotrophic fungal proteins and host plant proteins (Fields &
Song, 1989). It is designed to detect potential protein-protein interactions through
yeast mating. Genes of interest and genes of potential target are cloned into
“bait” and “prey” vectors, respectively. The bait vector in the current study was
pGBKT7 (Clonetech, pGBKT7 Vector Information, protocol No. PT3248-5,
version No. PR8Y2643) encoding a Gal4 DNA binding domain (BD) and a gene
required for tryptophan biosynthesis, while the prey vector was pGADT7
(Clonetech, pGADT7 AD Vector Information, protocol No. PT3249-5, version No.
010312) encoding a Gal4 DNA activation domain (AD) and a gene for leucine
biosynthesis. Subsequently, the bait vector was transformed into the yeast strain
AH109 and the prey vector was transformed into the strain Y187. For selection of
the desired yeasts in the medium, yeast strain AH109 bearing bait vectors are
able to synthesize tryptophan and proliferate in tryptophan-deficient medium, in
the case of Y187 bearing prey vectors, the cells are able to synthesize leuine and
proliferate in leucine-deficient medium. Furthermore, the chromosomes of yeast
AH109 encode reporter genes which include HIS3 gene required for histidine
synthesis, ADE2 required for adenine synthesis, and MEL1 expressing αgalactosidase. α-galactosidase can cleave a chromogenic substrate 5-bromo-4chloro-3-indolyl alpha-d-galactopyranoside (X-α-gal) in the medium. The
cleavage of X-α-gal releases a blue biomarker resulting in blue yeast colonies.
BD or AD alone will not trigger the expression of these reporter genes. After
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genes of interest are fused with BD in the bait vector and genes of potential
target are fused with AD in the prey vector, if in the offspring yeasts the two
protein products are interacting physically with each other and thus BD and AD
are in close proximity, the reporter genes will initiate expression and the proteinprotein interactions yield proliferation of yeasts on nutrient-deficient medium.
Additionally, 5 mM 3-amino-1,2,4-triazole (3-AT) when added to the medium,
inhibits the potential leaky expression of the histidine marker. As a competitive
inhibitor, 3-AT can hinder the low-level expression of the HIS3 but not the highlevel expression caused by BD-AD interactions.
The protocol of Matchmaker™ Pretransformed Library User Manual
(Clontech Laboratories, Inc.) was applied for Y2H. In the current study the genes
of interest were fungal effectors MVLG_06175 and MVLG_05122 cloned in the
bait vector pGBKT7, while genes of potential targets were from a cDNA library
generated from RNAs extracted from both axenic fungal cultures and from flower
buds of S. latifolia infected by M. lychnidis-dioicae, this cDNA library was cloned
in the prey vector pGADT7, as indicated above. Yeast strain AH109 transformed
with the bait vector and Y187 transformed with the prey vector were mixed for
mating and incubated overnight. The yeast culture was examined to determine
whether typical three-lobed zygotes were visible under a microscope the next
day. The three-lobed zygotes indicated the presence of haploid parental yeast
cells and the budding off of a diploid offspring yeast cell. According to the
protocol, it is imperative that both AH109 and Y187 yeast strains must yield more
than one million colonies or the positive interactions may not be observed.
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Therefore, 100 μl of mated yeast culture which is diluted one thousand-fold, ten
thousand fold, and one hundred thousand fold, were spread onto leucine drop
out (-Leu), tryptophan drop out (-Trp), and leucine and tryptophan double drop
out (DDO) medium to screen the amount of colonies as determined by cfu/ml.
The remaining yeast culture was spread and cultivated on quadruple drop-out
media lacking adenine, histidine, leucine, and tryptophan (QDO SD/-Ade/-His/Leu/-Trp). The offspring yeast cells would not proliferate on the QDO medium if
they did not carry bait vectors to express tryptophan synthesis and prey vectors
to express leucine synthesis from parental yeasts, and if the reporter genes were
not triggered by protein-protein interactions. Yeast colonies showing blue color
were chosen for repurification on higher stringency QDO medium in which
50 mM 3-AT was added. Such colonies were used for further DNA extraction and
sequencing. All drop out media were made with sterile deionized water, glucose
at 20 g/L, yeast nitrogen base at 6.7 g/L, drop out mix 2 g/L, and agar at 15 g/L.
In order to confirm the protein-protein interactions were genuine rather than
false positives, after initial identification, genes of interest and genes of potential
targets are cloned into the opposite vectors to proceed with the Y2H spot test.
That is, genes of interest are cloned into the prey vector carried by the yeast
strain Y187 and genes of potential target were cloned into the bait vector carried
by the yeast strain AH109. Additionally, a positive control and certain negative
controls were later used in the Y2H spot test as well. The positive control used
was the interaction between the bait vector bearing a p53 protein sequence
(pGBKT7-p53) and the prey vector bearing a T antigen sequence (pGADT7-T).
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The negative controls include AH109 with the bait vector alone (BD), Y187 with
the prey vector alone (AD), AH109 with the bait vector bearing p53 alone (BDp53), Y187 with the prey vector bearing T antigen alone (AD-T), and two yeast
strains mating without genes fused in the vectors (BD+AD).
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CHAPTER III: CHARACTERIZATION OF THE FUNGAL EFFECTOR PROTEINS
IN ARABIDOPSIS THALIANA, A HETEROLOGOUS PLANT HOST MODEL

Overview

To further elucidate the influences of fungal proteins MVLG_06175 and
MVLG_05122 on host plants during fungal colonization, the current study applied
genetic recombination to stably express these two fungal genes in the model
plant Arabidopsis thaliana. To reveal the subcellular locations of the effector
proteins in the plant tissues, the fungal genes MVLG_06175 and MVLG_05122
were linked to fluorescent tag genes expressing mCherry (MVLG_06175mCherry and MVLG_06175ΔSP -mCherry) or the cyan fluorescent protein (CFP)
(MVLG_05122ΔSP-CFP), respectively, through Gibson assembly (Gibson et al.,
2009). These gene constructs, whose transcription was driven by CaMV 35S
promoter, were transformed into A. thaliana by Agrobacterium-mediated
transformation. The test of Mendel’s law of segregation was used to confirm the
genetically modified A. thaliana were homozygous for the transgenes in the third
generation (T3 progenies). qRT-PCR demonstrated that the MVLG_06175,
mCherry, MVLG_05122 and CFP genes were transcribed into mRNA in leaves of
the two-week-old transgenic seedlings. Furthermore, DNA sequencing of cDNA
reverse-transcribed from the mRNA also showed the presence of MVLG_06175-
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mCherry, MVLG_06175ΔSP-mCherry, and MVLG_05122ΔSP-CFP transcripts.
The tests suggest that the gene constructs were successfully transcribed into
mRNA in A. thaliana. Transgenic A. thaliana expressing MVLG_06175ΔSPmCherry and MVLG_06175-mCherry showed statistically smaller rosette
diameter and leaf quantity. However, plants transformed with MVLG_05122ΔSPCFP did not show any significant phenotype variations. The fluorescence
confocal microscopic images from 4-week-old A. thaliana transformed with
MVLG_06175-mCherry and MVLG_06175ΔSP-mCherry displayed clustered
mCherry signals at the tip of trichomes, but only the plant transformed with
MVLG_06175ΔSP-mCherry displayed clear clustered mCherry signals in the
roots. The images taken from 6 and 7-week-old plants transformed with
MVLG_05122ΔSP-CFP displayed band-like CFP signals gathered at the base of
trichomes. The infection assay of Botrytis cinerea on transgenic A. thaliana
expressing MVLG_05122ΔSP-CFP did not show any differences in comparison
with the wild type Col-0 (WT).

Introduction

The yeast two-hybrid screening and sequence alignment have revealed the
potential identities and functions of the plant proteins interacting with the fungal
effector proteins in the current study (See Chapter II). The subsequent questions
are what phenotype changes the protein-protein interactions could cause and
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where the interactions would occur. The current study selected Arabidopsis
thaliana as the model plant to investigate the pathogen-host interactions, and
thus generated and cultivated transgenic A. thaliana lines expressing the fungal
genes MVLG_06175 and MVLG_05122, absent fungal infection of this species,
which is not a host for M. lychnidis-dioicae. The lifespan of A. thaliana is 10-12
weeks, which is relatively short and ideal for genetic and populational research.
In contrast, S. latifolia requires about 6 months to become mature and to flower.
Like Silene latifolia, A. thaliana also synthesizes the protein CASPL2C1 and
CSN5a/5b. However, the two proteins of A. thaliana are not identical to those of
S. latifolia. The CSN5a of S. latifolia and that of A. thaliana share 65.1% similarity
in the DNA sequence and 82.4% similarity in the amino acid sequence. The
CSN5b in the two plants share 83.3% similarity in the DNA sequence and 81.1%
similarity in the amino acid sequence. In contrast, the CASPL2C1 in the two
plants share 33.8% similarity in the DNA sequence and only 48.7% similarity in
the amino acid sequence.
The result of the yeast two-hybrid screening (Chapter II) showed the fungal
effector protein MVLG_06175 likely interacts with the plant protein CASP-like
protein 2C1 (CASPL2C1) associated with the formation of the Casparian strip.
The Casparian strip is a specialized cell wall surrounding the endodermis that
separates the cortex and vascular bundle. The other effector protein
MVLG_05122 was found (Chapter II) to interact with the plant protein COP9
signalosome complex subunit 5a/5b (CSN5a/5b) which was associated with the
inhibition of the Cullin-RING E3 ubiquitin ligases (CRLs). CRLs is an enzyme
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superfamily catalyzing the protein ubiquitination to facilitate the subsequent
protein degradation by proteasomes (Choi, Gray, Mooney, & Hellmann, 2014). In
the discussion of Chapter II, I proposed the hypothesis that MVLG_05122 might
change the R receptor level in the plant cells through the interactions between
CSN complex and Cullin 1-RING E3 ubiquitin ligase (CRL1) because R receptor
directly recognizes and binds to fungal effector proteins (figure 2.5). However,
CRL1 has a more influential role in plant development. CRLs associated with
Cullin 1 protein and F-box protein in plants are prominently involved in signal
transduction pathways of phytohormones such as auxin. When the transport
inhibitor response 1 (TIR1) protein acts as the adaptor and F-box protein acts as
the receptor, they together recruit auxin to bind to the F-box protein. The binding
of auxin to the F-box unit in the CRL1 stimulates the conformational change of Fbox unit, and the transcriptional repressor auxin/indole-3-acetic acid (Aux/IAA)
protein complex can bind to the F-box unit of CRL1. The transcriptional repressor
subsequently undergoes ubiquitination and degradation, which will resume the
auxin-induced gene expression (Choi, Gray, Mooney, & Hellmann, 2014;
Woodward & Bartel, 2005). The protein-protein interaction hypothesis proposed
in Chapter II (figure 2.5) also includes CRL3 associated with the Cullin 3 protein
and BTB protein. By transferring ubiquitin to the non-expressor of pathogenesis
related (NPR) transcriptional coactivators for the subsequent protein degradation,
the E3 ligase families are primary regulators of plant immune responses
stimulated and repressed by jasmonic acid (JA) and salicylic acid. Moreover,
CRL3 is involved in the biosynthesis of ethylene and signaling pathway of
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abscisic acid (ABA) (Choi, Gray, Mooney, & Hellmann, 2014).
In summary, M. lychnidis-dioicae might apply the two effector proteins to
penetrate into the vascular tissues and to modulate rates of protein turnover in
the plant host. Due to the broad metabolic processes the CRLs can modify,
different protein turnover rates might cause profound phenotypic changes. In
order to examine changes in planta potentially resulting from the protein-protein
interactions, and to identify the subcellular locations of the interactions in the
plant cells, I generated MVLG_06175 and MVLG_05122 linked to the mCherry
and cyan fluorescent protein (CFP), respectively (MVLG_06175ΔSP-mCherry,
MVLG_06175-mCherry, and MVLG_05122ΔSP-CFP). The expression of the
genes was driven by the constitutive CaMV 35S promoter. The two genetic
constructs were transformed and expressed in the model plant A. thaliana by
Agrobacterium-mediated transformation. Lines homozygous for the respective
trans genes were identified after examination of proper segregation in crosses.

Results

Protein-protein Interactions between Fungal Effector Proteins and
Corresponding plant proteins of Arabidopsis thaliana
Since the current study chose Arabidopsis thaliana as the model plant to
investigate the effects of expression of the fungal effector proteins, it is necessary
to determine whether the protein-protein interactions occur in the model plant as

51

well. A. thaliana also synthesizes CSN5a/5b and CASPL2C1 protein, but the
amino acid sequences of these proteins in Silene latifolia are not identical to
those in A. thaliana; CSN5a and 5b in A. thaliana and S. latifolia share 82.4%
and 81.1% identity in amino acid sequence, respectively, while CASPL2C1 in the
two plants shares only 48.7% identity at the amino acid level. Primers were
designed to acquire CSN5a/5b and CASPL2C1 from A. thaliana genome, and
the plant genes were inserted into the prey vector to be used in Y2H spot
tests. The outcomes showed the interactions between MVLG_5122 and CSN5a
of A. thaliana resulted in the growth of offspring in the nutrient-deficient media,
but MVLG_06175 might not interact with CASPL2C1 ortholog of A. thaliana,
leading to absence of yeast growth in this assay of protein-protein interaction
(Figure 3.1).
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Figure 3.1: Y2H spot test on protein-protein interactions between plant proteins
of A. thaliana and fungal protein MVLG_06175 and MVLG_05122. To confirm the
protein-protein interactions in the model plant A. thaliana, CASPL2C1 and
CSN5a of the plant were inserted into the prey vector bearing the transcriptional
activation domain (AD). The modified prey vectors were transformed into the
Y187 yeast strain. After the transformation, the Y187 yeast strain was mated with
the AH109 yeast strain bearing the bait vector encoding either MVLG_06175 or
MVLG_05122 (see Chapter II) in QDO medium/X-α-gal + 3AT (50 mM). The
interaction between MVLG_05122 and CSN5a of A. thaliana was observed, but
MVLG_06175 did not interact with CASPL2C1 of this plant. BD-6175+ADCASPL2C1 (Silene) and BD-5122+AD-CSN5a (Silene), positive controls. BD6175+AD, BD+AD-CASPL2C1 (Arabidopsis), BD-5122+AD, and BD+AD-CSN5a
(Arabidopsis), one of the two mating yeast strains carries bait or prey vectors
with no insertions, as negative controls. Undil, undiluted. 10X and 100X, 10 folds
and 100 folds of dilutions.
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Determination of Phenotype Changes in Transgenic A. thaliana
The current study examined four parameters of A. thaliana plants: leaf
quantity, rosette diameter, days to flower opening, and silique quantity in the T3
generation of transgenic A. thaliana. T3 generation is the third generation of
plants that were transformed with gene constructs. Based on Mendel’s law of
segregation these plants are homozygous lines (see Materials and Methods).
Plants were initially grown in MS media and transferred to soil at 14 days. All
parameters showed no differences except the rosette diameter and leaf quantity
in the 4-week-old plants transformed with MVLG_06175. Both MVLG_06175mCherry and MVLG_06175ΔSP-mCherry transformed A. thaliana had
statistically smaller rosette diameter and leaf quantity than the mCherry alone
transformed plants and WT (Figure 3.2 & 3.3). Data were collected from 34
plants of MVLG_06175ΔSP-mCherry, 28 plants of MVLG_06175-mCherry, 35
plants of mCherry alone, and 35 plants of the wild type (Col-0).
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Figure 3.2: Box-and-Whisker plot showing rosette diameter among transgenic A.
thaliana. The experimental groups are plants transformed with the MVLG_06175
(with and without the signal sequence) linking to the mCherry fluorescence gene.
The control groups are plants transformed with mCherry fluorescence gene alone
and wild type Col-0 (WT). The t-test analysis demonstrated plant strains
expressing MVLG_06175, both with and without the signal sequence, were
significantly smaller in rosette diameter than the controls. 6175ΔSP-m,
MVLG_06175ΔSP-mCherry. 6175-m, MVLG_06175-mCherry. m alone, mCherry
alone. 6175ΔSP-m vs m alone, p < 0.0001****. 6175-m vs m alone, p < 0.001***.
6175ΔSP-m vs WT, p < 0.0001****. 6175-m vs WT, p < 0.01**
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Figure 3.3: Box-and-Whisker plot showing leaf quantity among transgenic A.
thaliana. The experimental groups are plants transformed with the MVLG_06175
(with and without the signal sequence) linking to the mCherry fluorescence gene.
The control groups are plants transformed with mCherry fluorescence gene alone
and wild type Col-0 (WT). The t-test analysis demonstrated plant strains
expressing MVLG_06175, both with and without the signal sequence, were
significantly smaller in leave quantity than the controls. 6175ΔSP-m,
MVLG_06175ΔSP-mCherry. 6175-m, MVLG_06175-mCherry. m alone, mCherry
alone. 6175ΔSP-m vs m alone, p < 0.001***. 6175-m vs m alone, p < 0.001***.
6175ΔSP-m vs WT, p < 0.05*. 6175-m vs WT, p < 0.05*
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Evaluation of Expression of MVLG_06175-mCherry, MVLG_06175ΔSPmCherry, and MVLG_05122ΔSP-CFP in Transgenic Arabidopsis thaliana
Genomic DNA was extracted from leaves of two-week-old transgenic A.
thaliana transformed with MVLG_05122ΔSP-CFP, MVLG_06175-mCherry, and
MVLG_06175ΔSP-mCherry. The PCR showed the presence of the genes
(figure 3.4). For the qRT-PCR assay, the current study used the housekeeping
gene UBQ10 as the internal standard to normalize the RNA expression of two
fungal effector genes, CFP, and mCherry in the transgenic and wild type (Col-0)
A. thaliana. The mRNA was extracted from leaves of four-week-old transgenic A.
thaliana and used as the template to synthesize cDNA. The following qRT-PCR
based on the cDNA confirmed the transcription of MVLG_05122 and cyan
fluorescence gene in the transgenic A. thaliana, as well as those of
MVLG_06175 and mCherry (figure 3.5, supplemental table S3.1, S3.2, and S3.3,
appendix) DNA sequencing of the cDNA also confirmed their corresponding
identities, MVLG_05122ΔSP -CFP, MVLG_06175-mCherry, and
MVLG_06175ΔSP-mCherry. In conclusion, the PCR result, DNA sequencing
result and qRT-PCR based on the mRNA of the transgenic A. thaliana confirmed
the gene construct was transformed into the plant.

57

Figure 3.4: PCR results of genomic DNA extracted from transgenic A. thaliana
and wild type Col-0 (WT). Left panel, transgenic plant expressing MVLG_06175mCherry and MVLG_06175ΔSP-mCherry showed bands around 1.1K bps, while
the WT plant did not. Right panel, transgenic plants expressing MVLG_05122Δ
SP-CFP (three samples) showed bands around 1K bps. +control, an indicator
showing the PCR was functioning normally.
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Figure 3.5: Log2-fold changes of gene construct expression compared with wild
type Col-0 (WT) in qRT-PCR. Each gene construct used only one qRT-PCR
biological sample in the trial.

Localization of M. lychnidis-dioicae Effectors in the Transgenic Plant
Tissues by Fluorescent Tags: MVLG_06175
In the 4-week-old transgenic plants, the signals of mCherry linked to
MVLG_06175ΔSP and MVLG_06175 displayed granules clustered at the tips of
trichomes on leaves. In contrast, signals of mCherry alone expressed in the plant
as the positive control concentrated at the center of the trichomes, and autofluorescent signals of WT displayed a weaker and relatively random distribution
(Figure 3.6). The punctated signals indicated the potential interactions between
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MVLG_06175 and CASPL2C1 or some other host protein(s), located at the tips
of the trichome, and the effector protein might be affecting the functions of
CASPL2C1/other proteins associated with structures and/or functions in the
trichomes.
Transgenic A. thaliana strains expressing MVLG_06175ΔSP-mCherry,
MVLG_06175-mCherry, and mCherry alone exhibited clear mCherry signals in
the roots of the 2-week-old seedlings in comparing with the WT plant. While
plants carrying MVLG_06175-mCherry and mCherry alone did not show specific
patterns, those carrying MVLG_06175ΔSP-mCherry displayed concentrated
granules (Figure 3.7).
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Figure 3.6: Localization studies of MVLG_06175 in trichomes in 4-week-old A.
thaliana. Confocal fluorescence images were taken from leaves of the 4-weekold stable transgenic A. thaliana expressing MVLG_06175-mCherry,
MVLG_06175ΔSP-mCherry, and mCherry alone, as well as of the WT plant.
Signals of MVLG_06175-mCherry and MVLG_06175ΔSP-mCherry transgenic
lines formed granules clustered at the tips of trichomes on leaves. Expression
was under the control of CaMV 35S promoter. In each sample, the upper panel is
the fluorescence image and the lower panel is the merged image. Size bar, 20
µm.
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Figure 3.7: Localization studies of MVLG_06175 in roots in 2-week-old A.
thaliana. Confocal fluorescence images were taken from roots of the 2-week-old
stable transgenic A. thaliana expressing MVLG_06175-mCherry,
MVLG_06175ΔSP-mCherry, and mCherry alone, as well as of the WT plant.
Signals of MVLG_06175ΔSP-mCherry transgenic lines formed granules in the
roots, but those of MVLG_06175ΔSP-mCherry transgenic lines did not or formed
granules with a weak intensity. Expression was under the control of CaMV 35S
promoter. In each sample, the upper panel is the fluorescence image and the
lower panel is the merged image. Size bar, 20 µm.

Localization of M. lychnidis-dioicae Effectors in the Transgenic Plant
Tissues by Fluorescent Tags: MVLG_05122
Under confocal microscope, fluorescence images of MVLG_05122ΔSPCFP transgenic A. thaliana showed similar overall intensity of signals to those of
the CFP alone transgenic line and those of wild type Col-0 (WT). However, there
were significant and clear band structures at the bases of trichomes on leaves of
the MVLG_05122ΔSP-CFP transgenic plant (Figure 3.8). The band-like CFP
signals were also observed in trichomes on leaves of WT and CFP alone
transgenic lines, but the MVLG_05122ΔSP-CFP transgenic line displayed the
strongest signal intensity. After reducing the intensity of light to the level at which
the fluorescence signals of the WT was barely seen, the band structure at the
base of trichomes remained clear in the MVLG_05122ΔSP-CFP transgenic line
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(Figure 3.9).

Figure 3.8: Localization studies of MVLG_05122 in trichomes in 6 and 7-weekold transgenic A. thaliana. Fluorescence images taken from a confocal
microscope showed trichomes of plant strains expressing MVLG_05122ΔSPCFP and CFP alone as well as of WT plant. Expression of trans genes was
driven the by constitutive CaMV 35S promoter. Size bar, 20 µm.
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Figure 3.9: Fluorescence images of trichomes in WT and transgenic A. thaliana
expressing MVLG_05122ΔSP-CFP and CFP alone at the lower intensity of light.
The intensity was decreased so that the signals in WT were barely seen. The
band-like CFP signals remained strong in the A. thaliana expressing
MVLG_05122ΔSP-CFP. Expression of trans genes was driven the by constitutive
CaMV 35S promoter. Size bar, 20 µm.

Susceptibility Assay of Transgenic Plant toward Botrytis cinerea Infection
The current study proposed a hypothesis in Chapter II that the proteinprotein interactions between MVLG_05122 and CSN5a might alter the
ubiquitination and degradation of R protein and NPR1 transcriptional coactivator,
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two plant proteins that directly trigger immune-responses against phytopathogen
infection. The hypothesis leads to the prediction that the expression of
MVLG_05122 in the transgenic A. thaliana would increase the plant’s
susceptibility to fungal infection. Thus, a fungal infection assay was conducted to
determine if the transgenic plant had a lower resistance against fungi. The
current study applied the protocol and data analysis of Liu et al. (2015) and Liu
(2020) to infect A. thaliana expressing MVLG_05122 with Botrytis cinerea. The
genomic DNA of plant and fungus were extracted from leaves inoculated with
spores of B. cinerea three days after inoculation. As a proxy for biomass, the
amount of fungal cutinase A (CutA) DNA and plant ⍺-shaggy kinase (SKII) DNA
were determined by qRT-PCR. Cutinase A is a fungal lipolytic enzyme, while SKII
is a plant shikimate kinase for synthesis of certain secondary metabolites. These
respective genes were used to determine relative amounts of fungal and plant
biomass in the experiment. The presence of the two genes was quantified by
taking the reciprocal of their cycle threshold (Ct) values. For instance, one of the
Ct values of SKII in wild type Col-0 (WT) was 20, thus 1/20 was the relative value
of plant DNA in the sample. Data were analyzed by comparing the fractions of
the relative values of CutA over those of SKII [ (1/Ct of CutA) / (1/Ct of SKII) ].
Each study group contained three plants. These experiments did not find
statistical differences in fungal biomass during infection among groups of WT, WT
infected with fungus, MVLG_05122ΔSP-CFP transgenic plant infected with
fungus, and CFP alone transgenic plant infected with fungus (Figure 3.10).
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Figure 3.10: Ratios of relative amount of CutA over those of SKII (i.e., fungal
biomass) among four study groups. Each group had three trials, and there were
no significant differences among the four groups. WT mock, wild type Col-0
plants inoculated with Vogel buffer only. WT Inf, WT plants inoculated with fungal
(i.e., B. cinerea) spores. 5122-CFP Inf, MVLG_05122ΔSP-CFP transgenic plants
inoculated with fungal spores. CFP Inf, CFP alone transgenic plants inoculated
with fungal spores.
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Discussion

Although the in vitro Y2H spot test (Figure 3.1) did not detect the
interactions between MVLG_06175 and CASPL2C1 of A. thaliana, fluorescencelabeled MVLG_06175 showed different signal distributions in the transgenic A.
thaliana in comparison with the WT and mCherry alone transgenic plants. The
images revealed the localization of fungal effector protein MVLG_06175 at the tip
of trichomes and of roots. We expected that the MVLG_06175 without signal
sequence would stay in the cytoplasm, while MVLG_06175 with signal sequence
would be secreted out of the cell, but our images showed their fluorescence
signals exhibited a similar pattern in the trichomes; they all aggregated at tips of
trichomes, like small particles. In terms of mCherry signals in the roots,
MVLG_06175 without signal sequence showed aggregation at the root tips, but
MVLG_06175 with signal sequence did not or the aggregation was very weak.
Considering the in vitro Y2H spot test, the aggregation of fluorescence signals in
trichomes and roots might indicate that MVLG_06175 was interacting with
different plant proteins in the two tissues.
The fluorescence images only indicated where the fungal effector proteins
were located in the plant. The true identities of plant proteins interacting with
effector proteins, if there are, may require a co-immunoprecipitation assay to
reveal. Nevertheless, CASPL2C1 still could be a candidate, and the smaller
rosette diameter and leaf quantity observed in MVLG_06175 transgenic A.
thaliana (figure 3.2 and 3.3) might result from the modifications of plant proteins
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by the fungal effector protein. Although there were no studies directly tracing the
distribution of CASPL2C1 in plant tissues, a former study showed the
fluorescence-labeled CASPL5B1 of A. thaliana, a homologous protein of CSAP5,
was expressed in immature and differentiated trichomes (Roppolo et al., 2014).
Casparian strip membrane domain proteins (CASPs) are expressed exclusively
in the endodermal cells for the polymerization of lignin, but the homologous
CASP-like proteins (CASPLs) can be expressed in different tissues such as
abscission zone cells, peripheral root cap cells, trichomes, and xylem pole
pericycle cells, where they could function as modifiers of cell wall-related
structures (Roppolo et al., 2014). Therefore, we cannot exclude the possibility
that the MVLG_06175 is interacting with other CASP-like proteins in trichomes.
As the first defensive line of the plant, trichomes are the protruding epidermal
structures on aerial plant tissues. They protect plants from damage caused by
ultraviolet (UV) light or by insects, and excess transpiration, and phytochemicals
synthesized and secreted from trichomes are often involved in phytopathogen
resistance as well as pollinator attraction (Wagner, Wang, & Shepperd, 2004). If
the interactions between the effector protein MVLG_06175 and plant protein
CASPL2C1 do happen at the tips of trichomes, the protein-protein interaction
could be involved in the trichome development and flavonoid synthesis, and M.
lychnidis-dioicae might be neutralizing the immune responses of S. latifolia to
enhance the colonization. Since M. lychnidis-dioicae starts its infection cycle on
the flowers of the host plants or in wounded host tissues, the modifications
potentially happening in trichomes on the flower buds could provide advantages

71

to the fungal invasion.
It is even more intriguing that the potential interactions between
MVLG_05122 and CSN5a also appeared in the trichome. The CFP signals
formed an organized band at the basal cells of trichomes, suggesting that the
effector protein MVLG_05122 might be affecting the trichome growth through
interactions with the CSN protein complex. CSN5a has previously shown
influences on trichome development and metabolism. Inactivation of CSN5a in A.
thaliana results in elevated production of many carotenoids and
phenylpropanoids including anthocyanins in seeds and leaves. This mutated
plant strain also demonstrates significantly reduced density and abnormal
morphology of trichomes. These phenotypic changes could be due to altered
gene expressions in two tri-protein complexes when CSN5a is disrupted (Wei et
al., 2018), although the same changes could also have resulted from altered
hormone signaling pathways followed by inactivation of CSN5a. Plant hormones,
including jasmonic acid, salicylic acid, and gibberellin could regulate the growth
of trichomes (Traw & Bergelson, 2003). Jasmonic acid, in conjunction with
gibberellin induces trichome production, while salicylic acid decreases the
number and density of trichomes (Traw & Bergelson, 2003). An earlier study
silencing the CSN5a in tomato, found reduced synthesis of jasmonic acid but not
of salicylic acid (Hind et al., 2011). A lower jasmonic acid concentration is a
potential cause of the reduced density and abnormal morphology of trichomes,
too.
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In terms of the infection assay of Botrytis cinerea, the transgenic A. thaliana
expressing MVLG_05122ΔSP-CFP did not show evidence of greater fungal
biomass compared with the two control groups, mock WT and infected WT. This
result suggests that MVLG_05122 might not affect the cellular levels of R
receptor and NPR1 transcriptional coactivator in the host plant, although three
plants in each study group was a very small sample size (Figure 3.10). It is worth
noting that between the two control groups mock WT and infected WT, there
were also no differences in fungal infection. This suggests that A. thaliana was
naturally resistant to infection by B. cinerea, a finding consistent with some of the
results found in Liu at al. (2016). Hence the infection assay in the future might
need to select fungal species to which A. thaliana is more susceptible. To verify
the hypothesis that the transgenic Arabidopsis strain expressing MVLG_05122CFP is more venerable to pathogenic infection, future studies can also evaluate
the cellular levels of R receptor and NPR1 transcriptional coactivator in the
transgenic plant because the decreased levels might indicate that the enzyme
activity of CSN protein complex is inhibited by MVLG_05122 and the
ubiquitination of the two proteins is resumed.
It is an interesting finding that, during infection, M. lychnidis-dioicae might
modify the trichome structure and metabolism, and it is more interesting that the
fungus might utilize two different effector proteins to interfere with the
development of trichomes by interacting with two different plant proteins,
CASPLs and CSN5a. These findings suggests that M. lychnidis-dioicae evolved
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to apply multiple effector proteins to modulate the same plant structures and
processes.

Materials and Methods

Gibson Assembly to Construct MVLG_05122 Tagged with Cyan Fluorescent
Protein Gene and MVLG_06175 Tagged with mCherry Protein Gene, as Well
as CASPL2C1 and CSN5a/5b of Arabidopsis thaliana in the Prey Vector
pGADT7
Unlike the gene construction by restriction digestion and ligation for yeasttwo hybrid screening in Chapter II, Gibson assembly was used to create
plasmids bearing the desired constructs. Primers are listed in Table 3.1. The
vector pRI-101AN used here encodes a kanamycin resistance gene, the
cauliflower mosaic virus 35S promoter (CaMV 35S), and a NOS transcriptional
terminator. CaMV 35S is a robust promoter to enhance the expression of the
inserted genes of interest in plants. Vector pRI-101AN was cut by restriction
enzymes BamHI and NdeI and underwent ethanol precipitation. The linear vector
of pRI-101AN purified from agarose after gel electrophoresis was mixed with
1/10 volume of 3M sodium acetate (pH = 5.2) and 3 volume of ice cold 100%
ethanol. The mixture was stored at -80°C for an hour, followed by
microcentrifugation at top speed at 4°C for 30 minutes. The supernatant was
removed by aspiration, and the pellet was washed with 3 volumes of ice cold
70% ethanol and spun again at 4°C for 30 minutes. The ethanol supernatant was
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Table 3.1: Primers used to construct MVLG_06175-mCherry, MVLG_06175ΔSP
-mCherry, and MVLG_05122ΔSP-CFP in pRI-101AN vector
Name

Sequence (5’ to 3’)

pRI to 6175nsp
Forward

5’TTCTTCACTGTTGATACATAATGTTTTG
TCCCTTTGGAAAAAC-3’

pRI to 6175sp
Forward

5’TTCTTCACTGTTGATACATAATGTGGA
CCTCTTCGATCGTCCA-3’

This study

pRI to mCherry
Forward

5’-TTCTTCACTGTTGATACATAATG
GCGCTTCAGGTGCACATGGA-3’

This study

pRI to Myc
Reverse

5’GTTGATTCAGAATTCGGATCTTACGAG
AGGTCCTCTTCCGAGA-3’

This study

pRI to 5122
Forward

5’TTCTTCACTGTTGATACATACGCACAA
TCCCACTATCCTT-3’

This study

3rd mtCFP to
5122+GGS
Reverse

5’tcctcgcccttgctcaccatAGAGCCGCCCATG
CTTATAGCGATCGCTT-3’

This study

Control mtCFP
Forward

5’TTCTTCACTGTTGATACATAatggtgagca
agggcgagga-3’

This study

CFP to pRI
Forward

5’TTCTTCACTGTTGATACATAATGGTGA
GCAAGGGCGAGGA-3’

This study

3rd pRI to mtCFP
Reverse

5’GTTGATTCAGAATTCGGATCttacttgtaca
gctcgtcca-3’

This study
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Source
This study

removed by vacuum drying and the pellet was resuspended in 40 μl of H2O.
For the yeast two-hybrid screening (Y2H) spot test on the interactions between
fungal effector proteins and A. thaliana CASPL2C1 and CSN5a/5b, primers are designed
to acquire the two plant genes (Table 3.2). The two plant genes were inserted into the
prey vector pGADT7 by Gibson assembly rather than by restriction digestion and ligation.
Table 3.2: Primers to acquire CSN5a/5b and CASPL2C1 from A. thaliana
genome
Name

Sequence (5’ to 3’)

Source

PGA to CSN5a
Left

5’GCCATGGAGGCCAGTGAATTAATGGA
AGGTTCCTCGTCAG-3’

This study

PGA to CSN5a
Right

5’CAGCTCGAGCTCGATGGATCTCACGA
TGTAATCATGGGCT-3’

This study

PGA to CSN5b
Left

5’GCCATGGAGGCCAGTGAATTAATGGA
GGGTTCGTCGTCGA-3’

This study

PGA to CSN5b
Right

5’CAGCTCGAGCTCGATGGATCTCAATA
TGTAATCATAGGGT-3’

This study

PGA to CASP Left

5’GCCATGGAGGCCAGTGAATTAATGGT
GAAACTGAGAGAAA-3’

This study

PGA to CASP
Right

5’-

This study

CAGCTCGAGCTCGATGGATCTTAGGA
GGATGACTTAAAGC-3’
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The fungal effector gene MVLG_05122 lacking its signal sequence and a
cyan fluorescent protein (CFP) gene were incorporated into the vector pRI101AN. Additionally, nine nucleotides encoding glycine-glycine-serine served as
a linker, were added in-frame between MVLG_05122 and the CFP gene; by
doing so the linker provided a certain level of flexibility between the respective
proteins in the resulting fusion protein. The fungal effector MVLG_06175 with and
without its signal sequence and the mCherry protein gene were incorporated into
the pRI-101AN vector, to yield additional expression constructs. In order to
complete the Gibson assembly, adjacent DNA fragments are required to have 20
to 40 nucleotide overlap. I used NEBuilder® HiFi DNA Assembly Master Mix
(New England BioLabs, Inc.) to accomplish Gibson assembly. The master mix
contained exonuclease, DNA polymerase, and DNA ligase. The exonuclease will
digest the 5’ terminus of the DNA strands, DNA polymerase starts filling in gaps
with nucleotides based on the complementary strand after the alignment of two
adjacent DNA fragments, and ligase links adjacent DNA fragments at the end.
Ten μl of NEBuilder® HiFi DNA Assembly Master Mix (New England
BioLabs, Inc.) was mixed with 0.5 μl of the fungal effector DNA sequence, 0.5 μl
of the fluorescent protein DNA sequence, and 9 μl of linear vector pRI-101AN.
The mixture was incubated at 50°C for 15 minutes, followed by transferring 10 μl
of the mixture to a 2 ml tube of pre-thawed competent E. coli cells and keeping
the bacteria/DNA on ice for 30 minutes. The cell mixture underwent heat shock at
42°C for 30 seconds and was transferred to ice for 2 minutes. After the addition
of 950 µl of SOC media the culture was incubated at 37°C for 60 minutes and
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was shaken vigorously at 250 rpm. Finally, 120 µl of the culture was spread onto
a selection Petri dish of LB agar and kanamycin (50 µg/ml), and the Petri dish
was Incubated overnight at 37°C. The bacterial colonies acquired from the Petri
dish underwent DNA extraction, PCR sequencing, and sequencing to confirm the
presence of the respective fungal gene and the gene for its tag.

Agrobacterium Transformation through Electroporation
Competent cells of bacterium Agrobacterium tumefaciens were prepared
based on the Pikaard’s Lab protocol (Pikaard). A 0.5 ml tube containing
competent cells was thawed on ice. The bacterial culture was then aliquoted into
two 0.5 ml tubes, and 10 µl of the constructed plasmid (MVLG_05122ΔSP-CFP,
MVLG_06175ΔSP-mCherry, or MVLG_06175-mcherry in the vector pRI-101AN)
extracted from E. coli was added to one of the 0.5 ml tubes, while 10 µl of water
was added to the other 0.5 ml tube as the negative control sample.
Agrobacterium cells and constructed plasmids were transferred to electroporation
cuvettes which was pre-chilled on ice. The transformation was conducted in a
BioRad micropulser electroporator with voltage of 2.5 kV using the 25 µF
capacitor and at 400-ohm settings (Mattanovich et al. 1989). The electrical shock
lasted for about 4.7 seconds, followed by addition of 1 ml of LB to the cuvette.
After pipetting up and down several times to mix the bacterial culture and LB
broth, the mixture was transferred to a 2 ml tube and incubated at 28 °C for 2
hours, with shaking. 150 µl of the bacterial culture was spread on each Petri dish
containing LB media and kanamycin (50 µg/ml). These Petri dishes were
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incubated at 28 °C for 2 days. DNA extraction from Agrobacterium colonies and
PCR were conducted to determine the presence of the MVLG_05122ΔSP-CFP,
MVLG_06175ΔSP-mCherry, and MVLG_06175-mCherry within the vector.
Agrobacterium clones confirmed to carry the constructed vector would be used to
infect Arabidopsis and deliver the respective constructs.

Arabidopsis and Growth Conditions
Arabidopsis thaliana ecotype Col-0 was used as the wild-type background in
the current study (kindly provided by Dr. Mark Running, University of Louisville).
The plant seeds underwent surface-sterilization, and were spread onto and
cultivated on 1/2x MS solid media (Murashige & Skoog, Phytotechnology
Laboratories, Cat No: M524) which contained 0.05% MES buffer (2-(Nmorpholino) ethanesulfonic acid, ThermoFisher, Pittsburgh, Pennsylvania, USA)
and 0.8% agar as well as kanamycin (50 μg/ml) for selection of transgenic plants.
The media needed to be adjusted to a pH 5.7. The seeds were kept at 4°C for 2
to 3 days and were transferred to 20-24°C for 10 days for further germination.
Seedlings were transplanted to pots with soil (Sungro Horticulture propagation
mix, Premium Horticultural Supply, Louisville, KY, cat no.5232601). The
environment for the growth of Arabidopsis was at 22°C, with 68% relative
humidity (RH), light intensity 120 μmol m-2 s-1 and with a 16 h / 8 h day/night
cycle.
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Floral Dipping Transformation of Arabidopsis thaliana Mediated by
Agrobacterium
The transformation was based upon the protocol of Zhang et al, (2006).
After confirming, via by PCR and DNA sequencing, that the Agrobacterium
tumefaciens strains carried genes of interest, a single Agrobacterium colony was
inoculated into 5 ml of liquid LB media containing kanamycin for selection and
the bacterial culture was incubated at 28°C for 2 days. The 5 ml of bacterial
culture was poured into a flask with 500 ml of liquid LB media containing
kanamycin, and the culture was incubated 28°C for 24 hours until it reached the
stationary phase in which absorbance at 600nm (OD600) was between 1.5 and
2.0. Agrobacterium pellets were collected after centrifugation at 4000 x g for 10
minutes at room temperature and were suspended in 500 ml of 5% sucrose
solution. Before transferring the bacterial suspension to a 500 ml beaker, 100 µl
of Silwet L-77 was added to the bacterial suspension to reduce the surface
tension (Silwet L-77 concentration was 0.02%). The 500 ml of bacterial
suspension was ready for floral dipping. However, based on our lab experience it
was very difficult for the 500 ml of Agrobacterium culture to reach OD600 1.5-2.0
even after a 26-hour incubation at 28°C. We modified the protocol; we prepared
two sets of tubes, each contained 5 ml of liquid LB media and was inoculated
with an Agrobacterium colony (1 colony per 5 ml LB). After incubation at 28°C for
2 days, the two tubes containing Agrobacterium culture were separately poured
into two flasks with 500 ml of liquid LB media (5 ml bacterial culture per 500 ml
LB). Bacterial pellets collected from the two flasks were combined into 500 ml of
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5% sucrose solution.
Four-week-old A. thaliana showing 20-30 inflorescences in pots were
prepared to be transformed. Siliques were clipped off before the floral dipping
process. We inverted the pots and immersed the aerial parts of plants in the 500
ml of the Agrobacterium cell suspension no more than 10 seconds. The dipped
plants were covered with plastic bags to maintain the high moisture rate over
night. The bags were removed the next day and plants were grown in the growth
chamber for a month, then seeds were collected to continue crosses leading to
T3 generation plants homozygous for the trans gene(s). Such plants were
subsequently tested for segregation of the trans gene alleles.

Test of Mendel’s Law of Segregation
The test of Mendel’s law of independent segregation is a conventional
approach to determine whether the transgenic Arabidopsis lines are homozygous
for the transformed trans genes. A. thaliana that underwent Agrobacterium
transformation was considered the T0 generation. The T0 plant yielded seeds
which were the T1 progeny. These seeds of T1 progeny were spread onto agar
containing MS medium and kanamycin. The antibiotic was used to select
seedlings successfully transformed with the gene construct MVLG_05122ΔSPCFP, MVLG_06175ΔSP-mCherry, and MVLG_06175-mCherry. Without the
kanamycin resistance gene encoded in the pRI vector, the kanamycin sensitive
seedlings usually do not grow well in media and become bleached. In contrast,
seedlings homozygous or heterozygous for the trans gene and seedlings with

81

multiple insertions of the genetic construct are usually green and flourishing on
the media.
The green T1 progeny were transplanted to soil for further growth, and they
yielded seeds of T2 progeny. Around one hundred seeds of T2 progeny from a
single T1 green plant were placed in MS media with kanamycin. Although
homozygous and heterozygous Arabidopsis strains as well as strains with
multiple insertion of gene constructs were all kanamycin resistant, their seedlings
would show different ratios in kanamycin resistance. Since Arabidopsis is a
species capable of self-pollination, the progeny of a heterozygous strain will have
75% kanamycin-resistant seedlings and 25% kanamycin-sensitive offspring,
while a homozygous strain and a multiple-inserted strain will show 100%
kanamycin-resistant seedlings. The seedlings showing 100% kanamycinresistance were discarded, and the 75% kanamycin-resistant green seedlings
were selected and transferred to soil for growth. These green seedlings are by
Mendel’s law either homozygous or heterozygous. They yielded seeds of the T3
progeny. Because the T3 offspring batch was out of either heterozygous or
homozygous plant strain, not out of the multiple-inserted one, the 100%
kanamycin-resistant green seedlings of the T3 progeny were considered
homozygous and would progress to the subsequent DNA and RNA extraction.

Plant DNA Extraction
Leaves of two-week-old Arabidopsis thaliana were collected and ground in
1.5 ml microcentrifuge tubes with small plastic pestles. 400 µl of extraction buffer
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(1M Tris-HCl with pH 7.5, 5M NaCl, 0.5M EDTA with pH 8.0, 10% SDS) was
added in each microcentrifuge tube. The plant tissues and extraction buffer were
vortexed for 5 seconds and centrifuged at 14000 rpm for 5 minutes. 300 µl of the
supernatant was transferred to a new microcentrifuge tube, followed by addition
of 300 µl of isopropanol. The tubes were inverted several times to fully mix the
isopropanol and supernatant, incubated at room temperature for 2 minutes, and
centrifuged at 14000 rpm for 10 minutes. The supernatant was carefully removed
without disturbing the pellet, then 400 µl of 70% ethanol was added in. After the
pellet was dried, 50 µl of sterile distilled water was added to dissolve the pellet.
Tubes carrying the dissolved pellet were heated at 95 °C for 3 minutes to
denature any DNases and kill microorganisms. The concentration and quality of
the extracted plant DNA was checked by a Nanodrop 2000TM UV-Vis
spectrophotometer (Thermo Fisher Scientific, Waltham, MA).

Plant mRNA Extraction
The current study used Zymoclean kit (Zymo Research Corp., Orange, CA,
USA) to conduct RNA extraction of the transgenic A. thaliana. Leaves of fourweek-old plants were placed in frozen (-80 °C freezer) mortar, and liquid nitrogen
was added to quick-freeze leaf tissues. Frozen pestle was used to grind the
tissues into fine powder and the powder was transferred to a 2 ml
microcentrifuge tube. 600 µl of Trizol was added into the tube, and the tube was
vortexed for about 5 minutes. The tube was centrifuged at 14,000 rpm for 1
minute, and around 600 µl of supernatant was transferred to a new 2 ml
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microcentrifuge tube without disturbing the cell pellets. 600 µl of ethanol was
added into the new tube, and pipetting up and down was done gently to fully mix
the supernatant and ethanol. Half of the mixture solution (600 µl) was transferred
to a filter column in a collection tube, and then the filter column-tube set was
centrifuged at 10,000 rpm for 1 minute. The flow through was discarded. The
other half of mixture solution (proximately 600 µl) was transferred to the filter
column. The filter column-tube set was again centrifuged at 10,000 rpm for 1
minute. The filter column, expected to contain the plant DNA, was transferred to
a new collection tube. For description purpose the filter column and the new
collection tube together is named the new filter column-tube set. After addition of
400 ml of wash buffer, the new filter column-tube set was centrifuged at 10,000
rpm for 1 minute, and flow through was discarded. 75 µl of digestion buffer + 5 µl
of DNase enzyme was added into the filter column, and the new filter columntube set was allowed to sit without disturbance on the table for 15 minutes,
followed by centrifugation at 14,000 rpm for 1 minute. 400 µl of prewash was
added into the filter column, and the new filter column-tube set was centrifuged at
10,000 rpm for 1 minute, and this process was repeated once time. 700 µl of
wash buffer was added into the filter column, followed by centrifugation at 10,000
rpm for 2 minutes. After discarding the flow-through, the new filter column-tube
set was centrifuged at 14,000 rpm for 1 minute. The filter column was transferred
to a new 1.5 ml microcentrifuge tube, then the lid of tube was opened and stayed
in hood for 10 minutes to evaporate ethanol. 50 µl of DNA-RNA free water was
added into the filter column to elute the RNA, the 1.5 ml microcentrifuge tube was
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allowed to sit without disturbance for 1 minute, and the tube was centrifuged at
10,000 rpm for 1 minute. This process was repeated with addition of another
50 µl of DNA-RNA free water (final total 100 µl of DNA-RNA free water).

qRT-PCR
The eluted plant mRNA was the template to synthesize the cDNA for use in
qRT-PCR. For the synthesis of cDNA, oligodT primers and Superscript III cDNA
synthesis kit (Invitrogen Corp.) were used. The cycle threshold values of the
housekeeping gene ubiquitin 10 (UBQ10) was selected as the standardized
index to normalize the RNA expression of the target genes in the study. 1x Power
SYBR Green Mango Bio Eva-Green (Applied Biosystems) was the detector. The
reaction was performed in an Applied Biosystems Step-One thermocycler.
Primers to amplify sequences of MVLG_06175, MVLG_05122, UBQ10, mCherry,
and CFP are listed in Table 3.3. PCR conditions is 95 oC for 10 minutes, followed
by 95 oC for 15 seconds, and 60 oC for 1 minute. The total process is 40 cycles.
Analysis of melting curve was performed at the end of each cycle to ensure the
specificity of the reaction.
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Table 3.3: Primers used for qRT-PCR to determine the expression of fungal
effectors and fluorescent tags.
Name

Sequence (5’ to 3’)

Source

UBQ10 F
(AT4G05320)

5’-GTTGGAGGATGGCAGAACTC-3’

Czechowski
et al., 2005

UBQ10 R
(AT4G05320)

5’-GGAGCCTGAGAACAAGATGAA-3’

Czechowski
et al., 2005

qRT CFP F

5’-GCAAAGACCCCAACGAGA-3’

This study

qRT CFP R

5’-CCATGCCGAGAGTGATCC-3’

This study

mCherry qRT F

5'-CACTACGACGCTGAGGTCAA-3'

This study

mCherry qRT R

5'-GTGGGAGGTGATGTCCAACT-3'

This study

MVLG6175 qRT F

5’-CAGGGGGAGGGCAAACTA-3’

This study

MVLG6175 qRT R

5’AGAGATTTAGAGGAAAGAACCAATC-3’

This study

MVLG5122 qRT F

5’-GGACCGCAAAACGACGAC-3’

This study

MVLG5122 qRT R

5’-GTATGTTGCAGGAGCCGAAG-3’

This study

Fluorescence Images Taken by a Confocal Microscopy
Roots of 2-week-old Arabidopsis line expressing MVLG_06175ΔSPmCherry, MVLG_06175-mCherry, and mCherry alone, leaves of 4 or 6-week-old
Arabidopsis line expressing MVLG_06175ΔSP-mCherry, MVLG_06175mCherry, MVLG_05122ΔSP-CFP, mCherry alone, and CFP alone, and their
corresponding WT controls were observed by a confocal microscopy. Images
were acquired by an Olympus Fluoview FV-1000 confocal coupled to an
Olympus 1X81 inverted microscope, a PlanApoN 60× objective, and FV-10 ASW
2.1 software. A single channel scanning configuration was set up for the
acquisition of mCherry (excitation 587nm, emission 610nm) and CFP (excitation
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458nm, emission 476 nm) using a 543 nm HeNe laser and a 458 line of argon
laser, respectively. Scanning was set at a speed of 2 μs/pixel to acquire z-stacks
of each visual field. Images are presented as either single plane images or
stacked images.

Botrytis cinerea Infection Assay
The current study applied the protocol and data analysis of Liu et al. (2015)
and Shouan Liu (2020) to infect A. thaliana expressing MVLG_05122ΔSP-CFP
with Botrytis cinerea. The mycelium of Botrytis cinerea was inoculated in PDA
media in 5 to 10 Petri dishes. After growth for 10 days, 10 ml of sterile water or
0.8% NaCl solution was added into each Petri dish. The spore and mycelium
solution from the 5 to 10 Petri dishes was collected by pipet and was poured into
a 50 ml falcon tube. The solution was vigorously mixed and filtered with three
layers of sterile gauze. The solution, expected to contain mainly fungal spores,
was collected in a new 50 ml falcon tube. The solution was centrifuged at 2000
rpm for 10 minutes, and the supernatant was removed. The pellet was
resuspended with sterile water and diluted to the final concentration 2 x 107
spores/ml, as determined by a spectrophotometer. The solution was then stored
at -80°C.
Before inoculation, the fungal spore stock was thawed and diluted to 2.5 x
105 spores/ml with Vogel buffer (1 L: 15 g of Sucrose, 3 g of Na-citrate, 5 g of
K2HPO4, 0.2 g of MgSO4·7H2O, 0.1 g of CaCl2·2H2O, and 2 g of NH4NO3). Fourweek-old transgenic Arabidopsis thaliana expressing MVLG_05122ΔSP-CFP or
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expressing CFP alone as well as wild type Col-0 were subjected to infection.
Plants were infected with two droplets of fungal spore solution (2 µl for one
droplet) on the surface of a single leaf. For mock treatment, 2 droplets of Vogel
buffer alone were applied on leaves of WT. Genomic DNA extraction from leaves
was conducted three days after fungal spore inoculation. For qRT-PCR, the
current study followed the protocol to apply the primers amplifying cutinase A of
B. cinerea (CutA) and ⍺-shaggy kinase of A. thaliana (SKII). Primers are listed in
Table 3.4.

Table 3.4: Primers to amplify cutinase A and ⍺-shaggy kinase in qRT-PCR
Name

Sequence (5’ to 3’)

Source

CutA Forward

5'-AGCCTTATGTCCCTTCCCTTG-3'

Gachon &
Saindrenan,
2004

CutA Reverse

5'-GAAGAGAAATGGAAAATGGTGAG-3'

Gachon &
Saindrenan,
2004

SKII Forward

5'-CTTATCGGATTTCTCTATGTTTGGC-3'

Gachon &
Saindrenan,
2004

SKII Reverse

5'-GAGCTCCTGTTTATTTAACTTGTACATACC-3'

Gachon &
Saindrenan,
2004
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CHAPTER IV: DISCUSSION AND FUTURE STUDY DIRECTIONS

The major achievements of the study are the identification of the potential
plant proteins interacting with our two fungal effector proteins in the S. latifolia,
and potential cellular locations where the protein-protein interactions may occur
in the model plant A. thaliana. These discoveries expand our understandings of
fungal effector proteins’ roles in plant host during infection. By the yeast twohybrid screening and DNA sequencing, the current study identified potential plant
protein interactors CASPL2C1 and CSN5a/5b as potentially associated with
formation of Casparian strip, and activities of Culling-Ring E3 ubiquitin ligases,
respectively. With respect to the potential locations of the protein-protein
interactions in the plant tissues, the current study detected signals from
fluorescence-tagged effector proteins at the tips of trichomes and root. Although
these findings might reflect that the fungus is applying the effector proteins
MVLG_06175 and MVLG_05122 to change plant vascular structure and immune
system, additional studies such as Co-IP are needed to confirm the identities of
the plant protein interactors in these tissues. To investigate whether our fungal
effector proteins alter immune responses in the transgenic A. thaliana, future
studies need to select phytopathogenic species to which A. thaliana is
vulnerable. Furthermore, it is necessary to detect if MVLG_06175 and
MVLG_05122 tagged with mCherry and CFP also demonstrated identical
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fluorescent patterns in the roots and trichomes in the original plant host, S.
latifolia.
The discussions of Chapter II and III emphasize plant structures and
proteins which are related to pathogen resistance and are potentially affected by
the protein-protein interactions, including Casparian strip, trichome, the nonexpressor of pathogenesis related (NPR) transcriptional coactivator, and the R
receptor. However, the plant protein CASPL2C1 and CSN5a/5b may have other
functions which fungal effector proteins could manipulate. In the introduction of
Chapter III, it was mentioned that the Cullin 1and Cullin 3-RING E3 ubiquitin
ligases could function as regulators in the synthesis of plant hormones including
auxin and ABA. I will review other possibilities in the following section.

Other Structures and Mechanisms Regulated by Plant Protein CASPL2C1
Studies specifically on CASPL2C1 are absent, but there are studies to
elucidate the roles of Casparian strip membrane domain-like proteins (CASPLs)
in plants. The functions of CASPLs are mainly associated with the development
and differentiation of specialized cell wall structures, and these special cell walls
could be applied to isolate the pathogens in the plant tissues, to regulate water
transportation in the roots, and to facilitate starch granule accumulation.
As homologues of CASPs, CASPLs might form a protein scaffold for lignin
deposition to form the Casparian strip, too. However, the polymerization of lignin
on the protein scaffold guided by CASPLs could also occur at the pathogenic
infection sites in order to isolate microorganisms. Fluorescence-labeled
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CASPL4D1 (a homolog of CASP4) and CASPL1D1 (a homolog of CASP1) were
found to gather and encircled the bacterial infiltration sites of Pseudomonas
syringae. Disruption CASPL4D1 and CASPL1D1 in A. thaliana significantly
increased colony forming units of P. syringae. The study outcomes suggested
that the deposition of lignin on the protein scaffold could be applied to isolate the
pathogen at the infection sites (Lee et al., 2019). From the point of view of
phytopathogens, mitigating the functions of CASPL4D1 and CASPL1D1 by
effector proteins, if they exist, would help the spreading of pathogens in A.
thaliana.
CASPLs might contribute to the regulation of water transport in the roots,
and by protein-protein interaction the fungal effector proteins could change the
water flow. After the deposition of lignin between adjacent endodermal cells, the
second stage of Casparian strip formation occurs as suberin lamellas deposit
between the cell wall and cell membrane of the endodermal cells. The
hydrophobic suberin restricts the diffusion of water and solutes in the apoplastic
route, and all molecules need to pass the plasma membrane of endodermal cells
to enter the vascular cylinder (Barberon et al., 2016: Niko Gelder, 2013; Meyer &
Peterson, 2013). Additionally, water permeability at plant roots is constantly
adjusting to the environment. Aquaporins are plasma membrane intrinsic proteins
(PIPs) responsible for water transport, and the A. thaliana genome encodes 39
homologous PIPs. Studies applying immuno-purification approach and
quantification by mass spectrometry (IP-MS) identify plant proteins potentially
interacting with PIPs. Of all protein interactors, four candidates belong to
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CASPLs. They are CASPL1B1, CASPL1B2, CASPL1D1, and CASPL1D2 (Bellati
et al., 2016; Champeyroux et al., 2019). Furthermore, CASL1B1, CASPL1B2,
and CASPL1D2 are expressed only in endodermal cells which are suberized,
indicating they could participate in the suberization of endodermis and
transportation of water (Champeyroux et al., 2019). Although it is not clear if M.
lychnidis-dioicae utilizes effector proteins to interact with CASPL protein families
associated with water flow, the modification of suberin polymerization in the
second stage of Casparian strip formation might benefit the development of
fungal hyphae in the plant.
Functions of CASPL2C1 might not be limited to those that are cell wallrelated. Sapkota et al., 2020 conducted a bioinformatic study looking for genes
correlated with starch granule content and accumulation in sorghum. The
researcher identified the genomic regions by comparing the single nucleotide
polymorphisms in the sorghum gene database, and one of the regions was a
Casparian strip membrane protein (CASP)-like protein gene (Sobic.008G111500)
in chromosome 8. The study result suggests the potential effects of CASPLs on
plant nutrient and growth. Since phytopathogens acquire nutrients from host
plants, starch accumulation could be an important metabolism to modify by
effector proteins.

Other Structures and Mechanisms Regulated Plant Protein CSN5a/5b
As Chapter II describes, protein ubiquitination by Cullin-RING E3 ubiquitin
ligases and degradation by 26S-proteosomes regulate plant development and
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defensive responses including the oxidative burst, hormone signaling, and
programed cell death (PCD) (Trujillo & Shirasu, 2010; Seo, Song, Chung, & Lee,
2013). To manage the metabolism, genome of A. thaliana encodes more than
1400 different E3 ligase components, and as many as 6% of the A. thaliana
proteome is associated with the protein removal (Vierstra, 2009). The significant
band structure of CFP at the base of trichomes is perhaps the most interesting
finding in the current study (Figure 3.8 and 3.9). It leads to the speculation that
MVLG_05122 is modifying trichome development by interacting with CSN5a, and
this may be relevant to fungal infection. Nonetheless, trichomes also provide
plants protection against abiotic stress including UV light, water evaporation, and
drastic temperature changes (Karabourniotis, Liakopoulos, Nikolopoulos, &
Bresta, 2020). We cannot exclude the possibility that MVLG_05122 is involved in
the abiotic responses of the plant host, and CSN5a is actually found to be
associated with plant responses against environmental abiotic stimuli such as
salt and heat in the laboratory studies described.
CSN5a was found to be an intermediate regulator in salt stress responses
in A. thaliana. The plant carries the gene Salt-Responsive Alternatively Spliced
Gene 1 (SRAS1) which encodes a RING-type E3 ligase. This gene has two
splicing variants, SRAS1.1 and SRAS1.2. The study by Zhou et al., 2021
demonstrated high level of salt stress caused a higher expression in SRAS1.1
and a lower one in SRAS1.2. The study also showed that overexpression of
SRAS1.1 resulted in greater tolerance to salt stress while that of SRAS1.2
resulted in reduced tolerance. As a RING-type E3 ligase, SRAS1.1 facilitated the
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ubiquitination and degradation of CSN5a by the 26S proteosome. In contrast,
SRAS1.2 decreased the degradation of CSN5a by competing with SRAS1.1.
Although the mechanism whereby cellular CSN5a concentration influences plant
salt stress is not yet clear, it is intriguing that as a regulator of Cullin-RING E3
ubiquitin ligases, CSN5a is also a protein target to be labeled with ubiquitin for
further degradation with respect to plant salt tolerance. The interactions between
MVLG_05122 and CSN5a might also influence the responses of plant salt stress
if the protein-protein interactions alter the ubiquitination rate of CSN5a. In a
different study on the influences of temperature on plant growth, A. thaliana
CSN5a-1 mutant shows growth retardation and is unable to fully remove the
Nedd8 protein from the Cullin subunit of E3 ligases. However, with the heat
stress treatment the mutated plant strain exhibited enhanced growth caused by a
rearrangement of auxin homeostasis, due to an increase in deneddylation of
Cullin 1-RING E3 (CRL1) ubiquitin ligase. Because heat treatment in the CSN5a1 mutated plant leads to the subsequent inhibition of CRL1 enzymatic activity
and protein ubiquitination, a process identical to the deneddylation of CRL1
caused by CSN5a in the WT plant, it is possible that the inhibition of CRL1 by
CSN5a is associated with the temperature-related auxin concentration changes
and plant development (Singh et al., 2019).
In sum, the book “The Structure of Scientific Revolutions” by Thomas Kuhn,
an American physicist and philosopher, indicated that progress or revolution
occurring in science was caused by “a paradigm shift”. Each scientific era has its
dominant paradigm, and the protein-protein interactions between
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phytopathogens and plant hosts could be a new candidate for such a paradigm
shift.
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APPENDIX
Yeast-Two Hybrid Sequencing and BlastX Results Showing MVLG_07305
1. I162
5’—
CGGCGAAGGAGATTTTCGGGGGGAAGATACTACGCAACAAAAGAAAGACCC
GTGCTGACGGACCGCCTGTTCTGGGTGCGGCCCTCCGGATCGGCAGCGAC
GTTCAACCACGTGTTGACGCGGTGTGGAGTTCGATGCCTTCGAGGGACCAG
CGAACCCTTGTCTAGCGCTGTTCCTTGAAAAGCGTGATGAATATCAGAAGAG
GAAAGATGATGTTGTGTGATTCCTGTTTATTTTTTTTTTTTTTTTGATTTTTACT
TTTTTTTTTTTTCGCTTTTTTTTTTTGTTCAGTGTACTTACTCGGTTTCTGGTAG
GACCGGGTGTCGCCTCTGTGGTTCTTTTTTTTTTTTTTTTTTTTTGTTATTTTT
TTTTTTTTCTGTTGACTCTGGTGGTGGGGGGGGATTTTGGTAACTTTTTTTTT
TTCGATCTTTTCTT—3’
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2. K58
5’—
GAAAGAGGGGCCCCCTCTGGAGATAACGAATACTCAATGTAAAAAAAAAGGA
AGAAAAAGATGCCGACAGGCACCGCCTGTTCCGGGCCGCGGTCCTCCGGA
GCCGGCAGCGAAGGGACAACCACGTGGTGACGCGGGGGTGGAGGCCGAT
GCCGCCTAGGGACCAGCGAACCCCGGCCTAGCGCTGTACCAGGAAAAGCG
TGATGAAGAACATAATAGGAAAGATGATGTCTCGAGAATCTTGAAGATGATTAT
TGTCGATGATGACTC—3’

3. L20
5’—
GGGAGATAAAGGTTTATCTGGGGTTAACGAAACTCATGCTTAAAAAGAAAAAG
AACCGATGCTCGACCAGGCACCGCCTGTTCCGGGCCGCGGCCCTCCGGAG
CCGGCATCTACGGTACAACCACGTGGTGACGCGGGGGCGGAGGCCGATGC
CGCCGAGGGACCAGCGAACCCCGGCCTAGCGCTGTACCAGGAAAAGCGTG
ATGAAGAACAGAAGAGGAAAGATGATGTCGCGAGAATCCTGAAGATGATCAG
TGTCAAAGATGACACACACCAGGGCACCCGCATCCTTGTGCTCAAAGACGC
ACTCGGCTTCGGCAAGGACCGGGCCACCTCCCTGCGCTTCAGCGCTCTCA
ATGCAACGAAACCAATCGCCGACACGTCTGGTGCCGTTCTGGAAGTCACGT
TCAAACACACGCACGCGAGAAGTCCGAGGTGTACTCGAAGGTGCTCCGTAC
CCTGTCGCCCGACACCTTGTTGTGTTTTAACCTGCCCGCAGGAGTTTACCTC
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CCGCCCGAGCCCCAGATACGCTCCAATTCATCCATGGAAGTTCGCACCAGA
ATCGATCAGCCAAAGCGGGTAACACCCGAATTCAAAGTTTCGGTGGTGCGC
TGCGCTGGGCGCAGTGGGCGCTTTGACCCACGTCCACCGACGCGGCGACC
AAGAATCGAGTGGAAACGCTCCCTTTGCCCAAGTCCGGCAGGCGTCTTGTC
GTTTCGTTCAAAAACGGTCTCTAAACTGCTTTCATATTCAGATCTAATGGCCA
ATTCTCCTATCGACACTTTCTGGAACCAACCTGCAAGGGATTGTCCGCCAAG
CTTTACCGGGGACGGACCATAAGTGGCGATTGTTTCCACTCCA—3’

4. B52
5’—
CCGTGGGATTCCATAACGACGTACCAGATTACGCTCATATGACAAGTTTGTAC
AAAAAAGTTGGCCACCTAAAGCAGCAAACGTCAATACATCGAATACATCAACT
GCTATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCGGGC
CGCGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGCGG
GGGCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGCGCT
GTACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGCGAG
AATCCTGAAGATGATCAGTGTCGAAGATGACACACACCAGGGCACCCGCAT

108

CCTTGTGCTCAAAGACGCACTCGGCTTCGGCAAGGACCGGGCCACCTCCC
TGCGCTTCAGCGCTCTCAATGCAACGAAACCAATCGCCGACACGTCTGGTG
CCGTTCTGGAAGTCACGTTCAAACACACGCACGCGAGAAGTCCGAGGTGTA
CTCGAAGGTGCTCCGTACCCTGTCGCCCGACACCTTGTTGTGTTTTAACCTG
CCCGCAGGAGTTATCCTCCCGCCCGAGCCCCAGAATACGCTCCAATCATCC
ATGGAGTCGCACCAGAATCGATCAGCCAAAGCGGTAACACCCGATTCAAGTT
CGTGGTGCGCTGCGCTGGCGCAGTGGCGCTTGGACACGTCCCCCGAACGC
GGCG—3’

5. B149
5’—
TCCCCTCCTGCCTAAAACCCTCTCCGTACCTTTTACGCTCATATGAAAGTTTG
TACAAAAAGTTGGACACCCTTTACCAGCAAACGTCAATACATCGAATACATCA
ACTGCTATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCG
GGCCGCGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACG
CGGGGGCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGC
GCTGTACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGC
GAGAATCCTGAAGATGATCAGTGTCGAAGATGACACACACCAGGGCACCCG
CATCCTTGTGCTCAAAGACGCACTCGGCTTCGGCAAGGACCGGGCCACCTC

109

CCTGCGCTTCAGCGCTCTCAATGCAACGAAACCAATCGCCGACACGTCTGG
TGCCGTTCTGGAAGTCACGTTCAAACACACGCACGCGAGAAGTCCGAGGTG
TACTCGAAGGTGCTCCGTACCCTGTCGCCCGACACCTTGTTGTGTTTTAACC
TGCCCGCAGGAGTTATCCTCCCGCCCGAGCCCCAGAATACGCTCCAATCAT
CCATGGAGTCGCACCAGAATCGATCAGCCCAAAGCGGTAACACCCGATTCA
AGTTCCGTGGTGCGCTGCGCTTGGCGCAGTGGCCGCTTTGACCACGTCCC
ACGACGCGGCCGACCAAGATCGAGTGGAAACGCTCCCTTTGCCCAAGTCC
GCAAGGCGCTTGGCCTTCGTTCAAAACGTCTTTCGAACTGCGTTTTCATTAT
CAGTCCTAATGCCGAATTACACTATCGAACGACTTCTGGGACAAACTGCCAA
GGCATTGCCGCCAAGCTTCAACTGGGGGAACGGTCCCACAG—3’

6. E125
5’—
GGGTGGGGTCCCATACGACGTACCATATTACGCTCATATGACAAGTTTGTACA
AAAAAGTTGGCCACGAAACGGCAAACGTCAATTTTTCGAATACATCAACTGC
TATTCCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCGGGCCG
CGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGCGGGG
GCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGCGCTGT
ACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGCGAGAA
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TCCTGAAGATGATCAGTGTCGAAGATGACACACACCAGGGCACCCGCATCC
TTGTGCTCAAAGACGCACTCGGTTTCGGCAAGGACCGGGCCACCTCCCTGC
GCTTTTTTTTTTTTTTTATGCAACGAAACCAATCGCCGATTTTTTTTTGGTGCC
GTTCTGGAAGTTTTGTTCTATCTC—3’

7. F161
5’—
GGGGGGGTCCAATACGACGTACCAGATTACGCTCATATGACAAGTTTGTACA
AAAAAGTTGGCCACGCATAGAAGCAAACGTCAATTCATCGAATACATCAACTG
CTATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCGGGCC
GCGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGCGGG
GGCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGCGCTG
TACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGCGAGA
ATCCTGTAGATGATCATTGTCGAAGATGACACACACCAGGGCACCCGCTTCC
TTGTG—3’
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8. H103
5’—
GGGTGGGGTACATACGACGTACCATATTACGCTCATATGACAAGTTTGTACAA
AAAAGTTGGCCAAGCAAAAAGAAAACGTCTTACATCGAATACATCAACTGCTA
TACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCGGGCCGC
GGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGCGGGGG
CGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGCGCTGTAC
CAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGCGAGAATC
CTGAAGATGATCAGTGTCGAAGATGACTCACACCAGGGCACCCGCATTCTTG
TGCTCAAAGACGCACTCGGTTTCGGCAAGGACCGGGCCACCTCCCTGCTTT
TTTTTTTTTCTCTATGCAACGAAACCAATCATTTTTTTTTCTGGTGCTTTTCTGA
CTCTCTCTTTCCTTTTT—3’
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9. H146
5’—
GGTGGGATAACATACGACGTACCTGATTACGCTCATATGACAAGTTTGTACAA
AAAAGTTGGCCAAAAAAACTGCGACGTCAATACATCGAATACATCAACTGCTA
TACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCGGGCCGC
GGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGCGGGGG
CGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGCGCTGTAC
CAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGCGAGAATC
CTGAAGATGATCAGTGTCGAAGATGACACACACCAGGGCACCCGCATCCTT
GTGCTCAAAGACGCACTCGGCTTCGGCAAGGACCGGGCCACCTCCCTGCG
CTTCAGCGCTCTCAATGCAACGAAACCAATCTTTTTTTTCGTCTGGTGCCGTT
CTGGAAGT—3’
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10. A166-2
5’—
GGACATGTATACATACGACGTACCAGATTACGCTCATATGACAAGTTTGTACAA
AAAAGTTGGCCAATTACCTCTGCAAACGTCAATACATCGAATACATCAACTGC
TATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCGGGCCG
CGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGCGGGG
GCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGCGCTGT
ACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGCGAGAA
TCCTGAAGATGATCAGTGTCGAAGATGACACACACCAGGGCACCCGCATCC
TTGTGCTCAAAGACGCACTCGGCTTCGGCAAGGACCGGGCCACCTCCCTG
CGCTTCAGCGCTCTCAATGCAACGAAACCAATCGCCGACACGTCTGGTGCC
GTTCTGGAAGTCACGTTCAAACACACGCACGCGAGAAGTCCGAGGTGTACT
CGAAGGTGCTCCGTACCCTGTCGCCCGACACCTTGTTGTGTTTTAACCTGC
CCGCAGGAGTTATCCTCCCGCCCGAGCCCCAGAATACGCTCCAATCATCCAT
GGAGTCGCACCAGAATCGATCAGCCAAAGCGGTAACACCCGATTCAAGTTC
GTGGTGCGCTGCGCTGGCGCAGTGGCGCTTGACCACGTCCACGACGCGG
CGACCAAGATCGAGTGGAAACGCTCCTTTGCCCAAGTCCGCAAGCGCTTGG
CGTTCGTCAAAAACGTCGTCGAACTGCGTTTCATTATCAGTCCTAAAGGCCG
AATACACGAACGACGACCTCTGGAACAAACTGCAAGGCATTGTCGCCCAAG
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CTTACCGGGGACGGG—3’

11. B139-2
5’—
GGAACGTGCGATACCATACGACGTACCAGATTACGCTCATATGACAAGTTTGT
ACAAAAAAGTTGGCCAATGACTGTGCAAACGTCAATACATCGAATACATCAAC
TGCTATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCGGG
CCGCGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGCG
GGGGCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGCGC
TGTACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGCGA
GAATCCTGAAGATGATCAGTGTCGAAGATGACACACACCAGGGCACCCGCA
TCCTTGTGCTCAAAGACGCACTCGGCTTCGGCAAGGACCGGGCCACCTCC
CTGCGCTTCAGCGCTCTCAATGCAACGAAACCAATCGCCGACACGTCTGGT
GCCGTTCTGGAAGTCACGTTCAAACACACGCACGCGAGAAGTCCGAGGTGT
ACTCGAAGGTGCTCCGTACCCTGTCGCCCGACACCTTGTTGTGTTTTAACCT
GCCCGCAGGAGTTATCCTCCCGCCCGAGCCCCAGAATACGCTCCAATCATC
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CATGGAGTCGCACCAGAATCGATCAGCCAAAGCGGTAACACCCGATTCAAG
TTCGTGGTGCGCTGCGCTGGCGCAGTGGCGCTTGACCACGTCCACGACGC
GGCGACCAAGATCGAGTGGAAACGCTCCTTTGCCCAAGTCCGCAAGCGCTT
GGCGTTCGTCAAAAACGTCGTCGAACTGCGTTTCATTATCAGTCCTAAGGCC
GAATACACGAACGACGACCTCTGGAACAAACTGCAAGGCATTGTCGCCCAG
CTTACCGGGGACGGCCCACAAGTGC—3’

12. C1
5’—
ATCAGTCCGATACCATACGACGTACCAGATTACGCTCATATGACAAGTTTGTA
CAAAAAAGTTGGCCATTAAGCTCTCGCAAACGTCAATACATCGAATACATCAA
CTCGCTATACCAGCTAACGACCCGATGCCCGAACCAGGCCACCGGCCTGGT
TCCGGGGCCCGCGGGCCCCTTCCGGGAGCCGGCAGCCGAACGGGACAAA
CCAACGTGGGTGACGCGGGGGGGCGGGAGAGCCGATGCCGCCCGAGGG
GAACCAGCGAAACCCCGGGCCCTAGCGCTGTACCAGGGAAAAGCGTGATG
AAGAACAGAAGATGGAAAGATGATGTCGCGAGAATCCTGAAGATGATCAGTG
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TCGAAGATGACACACACCAGGGCACCCCGCATCCTTGGTGCTCAAAGAACG
CACTCGGGCTTTCGGCAAGATCGGGCCACCTTCTCTGCGCTTCAGCGCTCT
CATGCAACGAAACAATTCGCCAACCACGTCTGGTTGCGTTTCTGAAAGTCAC
GTTCAAAACAACCGCCAGCGAGAAGTTCGAGGTGTACTCGAAGGGGTCCGT
AACCTGGTCGCCGAACTTGTTGGATAACCGGCCGCAGGAATTATCTTTCCGC
CGAAGCCGAGAAAAGGG—3’

13. D106
5’—
GATCAGCGTACATACGACGTACCAGATTACGCTCATATGACAAGTTTGTACAA
AAAAGTTGGCCACCCTACCTCTGCAAACGTCAATACATCGAATACATCAACTG
CTATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCGGGCC
GCGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGCGGG
GGCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGCGCTG
TACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGCGAGA
ATCCTGAAGATGATCAGTGTCGAAGATGACACACACCAGGGCACCCGCATC
CTTGTGCTCAAAGACGCACTCGGCTTCGGCAAGGACCGGGCCACCTCCCT
GCGCTTCAGCGCTCTCAATGCAACGAAACCAATCGCCGACACGTCTGGTGC
CGTTCTGGAAGTCACGTTCAAACACACGCACGCGAGAAGTCCGAGGTGTAC
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TCGAAGGTGCTCCGTACCCTGTCGCCCGACACCTTGTTGTGTTTTAACCTGC
CCGCAGGAGTTATCCTCCCGCCCGAGCCCCAGAATACGCTCCAATCATCCAT
GGAGTCGCACCAGAATCGATCAGCCAAAGCGGTAACACCCGATTCAAGTTC
GTGGTGCGCTGCGCTGGCGCAGTGGCGCTTGACCACGTCCACGACGCGG
CGACCAAGATCGAGTGGAAACGCTCCTTTGCCCAAGTCCGCAAGCGCTTGG
CGTTCGTCAAAAACGTCGTCGAACTGCGTTTCATTATCAGTCCTAAGCCGATA
CACGAACGACGACCTCTGGAACAACTGCAAGGCATTGTCGCCAAGCTTAC—
3’

14. E105
5’—
TCAGCCGGTGGGGTACCATACGACGTACCAGATTACGCTCATATGACAAGTT
TGTACAAAAAAGTTGGCAGGAAAACTGCAAACGTCAATACATCGAATACATCA
ACTGCTATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCG
GGCCGCGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACG
CGGGGGCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGC
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GCTGTACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGC
GAGAATCCTGAAGATGATCAGTGTCGAAGATGACACACACCAGGGCACCCG
CATCCTTGTGCTCAAAGACGCACTCGGCTTCGGCAAGGACCGGGCCACCTC
CCTGCGCTTCAGCGCTCTCAATGCAACGAAACCAATCGCCGACACGTCTGG
TGCCGTTCTGGAAGTCACGTTCAAACACACGCACGCGAGAAGTCCGAGGTG
TACTCGAAGGTGCTCCGTACCCTGTCGCCCGACACCTTGTTGTGTTTTAACC
TGCCCGCAGGAGTTATCCTCCCGCCCGAGCCCCAGAATACGCTCCAATCAT
CCATGGAGTCGCACCAGAATCGATCAGCCAAAGCGGTAACACCCGATTCAA
GTTCGTGGTGCGCTGCGCTGGCGCAGTGGCGCTTGACCACGTCCACGACG
CGGCGACCAAGATCGAGTGGAAACGCTCCTTTGCCCAAGTCCGCAAGCGCT
TGGCGTTCGTCAAAAACGTCGTCGAACTGCGTTTCATTTATCAGTCCTAAGG
CCGAATACACGAACGACGACCTCTGGAACAACTGCAAGGCATTGTCGCCAA
GCTTACCGGGGACGGCCCACAAGTGCCGACTT—3’

15. E126
5’—

119

GATCATCGATACATACGACGTACCAGATTACGCTCATATGACAAGTTTGTACAA
AAAAGTTGGCCACTTACCTCTGCAAACGTCAATACATCGAATACATCAACTGC
TATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCGGGCCG
CGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGCGGGG
GCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGCGCTGT
ACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGCGAGAA
TCCTGAAGATGATCAGTGTCGAAGATGACACACACCAGGGCACCCGCATCC
TTGTGCTCAAAGACGCACTCGGCTTCGGCAAGGACCGGGCCACCTCCCTG
CGCTTCAGCGCTCTCAATGCAACGAAACCAATCGCCGACACGTCTGGTGCC
GTTCTGGAAGTCACGTTCAAACACACGCACGCGAGAAGTCCGAGGTGTACT
CGAAGGTGCTCCGTACCCTGTCGCCCGACACCTTGTTGTGTTTTAACCTGC
CCGCAGGAGTTATCCTCCCGCCCGAGCCCCAGAATACGCTCCAATCATCCAT
GGAGTCGCACCAGAATCGATCAGCCAAAGCGGTAACACCCGATTCAAGTTC
GTGGTGCGCTGCGCTGGCGCAGTGGCGCTTGACCACGTCCACGACGCGG
CGACCAAGATCGAGTGGAAACGCTCCTTTGCCCAAGTCCGCAAGCGCTTGG
CGTTCGTCAAAAACGTCGTCGAACTGCGTTTCATTATCAGTCCTAAGGCCGA
ATACACGAACGACGACCTCTGGAACAAACTGCAAGGCATTGTCGCCAAGCT
TACCGGGGACGGG—3’

120

16. M67-2
5’—
GAGCAATCGATACCATACGACGTACCAGATTACGCTCATATGACAAGTTTGTA
CAAAAAAGTTGGCCATGCACCTCTGCAAACGTCAATACATCGAATACATCAAC
TGCTATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCGGG
CCGCGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGCG
GGGGCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGCGC
TGTACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGCGA
GAATCCTGAAGATGATCAGTGTCGAAGATGACACACACCAGGGCACCCGCA
TCCTTGTGCTCAAAGACGCACTCGGCTTCGGCAAGGACCGGGCCACCTCC
CTGCGCTTCAGCGCTCTCAATGCAACGAAACCAATCGCCGACACGTCTGGT
GCCGTTCTGGAAGTCACGTTCAAACACACGCACGCGAGAAGTCCGAGGTGT
ACTCGAAGGTGCTCCGTACCCTGTCGCCCGACACCTTGTTGTGTTTTAACCT
GCCCGCAGGAGTTATCCTCCCGCCCGAGCCCCAGAATACGCTCCAATCATC
CATGGAGTCGCACCAGAATCGATCAGCCAAAGCGGTAACACCCGATTCAAG
TTCGTGGTGCGCTGCGCTGGCGCAGTGGCGCTTGACCACGTCCACGACGC
GGCGACCAAGATCGAGTGGAAACGCTCCTTTGCCCAAGTCCGCAAGCGCTT
GGCGTTCGTCAAAAACGTCGTCGAACTGCGTTTCATTATCAGTCCTAAAGCC
GAATACACGAACGACGACCTCTGGAACAAACTGCAAAGGCATTGTCGCCAA
GCTTACCGGGGGACGGGCCA—3’
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17. N53-1
5’—
GAACATCCATACATACGACGTACCAGATTACGCTCATATGACAAGTTTGTACA
AAAAAGTTGGCCACTCACCTCTGCAAACGTCAATACATCGAATACATCAACTG
CTATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCGGGCC
GCGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGCGGG
GGCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGCGCTG
TACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGCGAGA
ATCCTGAAGATGATCAGTGTCGAAGATGACACACACCAGGGCACCCGCATC
CTTGTGCTCAAAGACGCACTCGGCTTCGGCAAGGACCGGGCCACCTCCCT
GCGCTTCAGCGCTCTCAATGCAACGAAACCAATCGCCGACACGTCTGGTGC
CGTTCTGGAAGTCACGTTCAAACACACGCACGCGAGAAGTCCGAGGTGTAC
TCGAAGGTGCTCCGTACCCTGTCGCCCGACACCTTGTTGTGTTTTAACCTGC
CCGCAGGAGTTATCCTCCCGCCCGAGCCCCAGAATACGCTCCAATCATCCAT
GGAGTCGCACCAGAATCGATCAGCCAAAGCGGTAACACCCGATTCAAGTTC
GTGGTGCGCTGCGCTGGCGCAGTGGCGCTTGACCACGTCCACGACGCGG
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CGACCAAGATCGAGTGGAAACGCTCCTTTGCCCAAGTCCGCAAGCGCTTGG
CGTTCGTCAAAAACGTCGTCGAACTGCGTTTCATTATCAGTCCTAAGGCCGA
ATACACGAACGACGACCTCTGGAACAAACTGCAAGGGCATTGTCGCCAAGC
TTACCGGGGACGGGCCAC—3’

18. O133-2
5’—
GCCAACAGGGATACATACGACGTACCAGATTACGCTCATATGACAAGTTTGTA
CAAAAAAGTTGGAACAAACCTCTGCAAACGTCAATACATCGAATACATCAACT
GCTATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCGGGC
CGCGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGCGG
GGGCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGCGCT
GTACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGCGAG
AATCCTGAAGATGATCAGTGTCGAAGATGACACACACCAGGGCACCCGCAT
CCTTGTGCTCAAAGACGCACTCGGCTTCGGCAAGGACCGGGCCACCTCCC
TGCGCTTCAGCGCTCTCAATGCAACGAAACCAATCGCCGACACGTCTGGTG
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CCGTTCTGGAAGTCACGTTCAAACACACGCACGCGAGAAGTCCGAGGTGTA
CTCGAAGGTGCTCCGTACCCTGTCGCCCGACACCTTGTTGTGTTTTAACCTG
CCCGCAGGAGTTATCCTCCCGCCCGAGCCCCAGAATACGCTCCAATCATCC
ATGGAGTCGCACCAGAATCGATCAGCCAAAGCGGTAACACCCGATTCAAGTT
CGTGGTGCGCTGCGCTGGCGCAGTGGCGCTTGACCACGTCCACGACGCG
GCGACCAAGATCGAGTGGAAACGCTCCTTTGCCCAAGTCCGCAAGCGCTTG
GCGTTCGTCAAAAACGTCGTCGAACTGCGTTTCATTATCAGTCCTAAGGCCG
AATACACGAACGACGACCTTCTGGGAACAAACTGCAAGGGCATTGTCGCCA
AGCTTTACCGGGGGACCGGCCAACAAG—3’

19. P43-5
5’—
GGGGCATGTGATACATACGACGTACCAGATTACGCTCATATGACAAGTTTGTA
CAAAAAAGTTGGCCTGAACCTCTGCAAACGTCAATACATCGAATACATCAACT
GCTATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCGGGC
CGCGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGCGG
GGGCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGCGCT
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GTACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGCGAG
AATCCTGAAGATGATCAGTGTCGAAGATGACACACACCAGGGCACCCGCAT
CCTTGTGCTCAAAGACGCACTCGGCTTCGGCAAGGACCGGGCCACCTCCC
TGCGCTTCAGCGCTCTCAATGCAACGAAACCAATCGCCGACACGTCTGGTG
CCGTTCTGGAAGTCACGTTCAAACACACGCACGCGAGAAGTCCGAGGTGTA
CTCGAAGGTGCTCCGTACCCTGTCGCCCGACACCTTGTTGTGTTTTAACCTG
CCCGCAGGAGTTATCCTCCCGCCCGAGCCCCAGAATACGCTCCAATCATCC
ATGGAGTCGCACCAGAATCGATCAGCCAAAGCGGTAACACCCGATTCAAGTT
CGTGGTGCGCTGCGCTGGCGCAGTGGCGCTTGACCACGTCCACGACGCG
GCGACCAAGATCGAGTGGAAACGCTCCTTTGCCCAAGTCCGCAAGCGCTTG
GCGTTCGTCAAAAACGTCGTCGAACTGCGTTTCATTATCAGTCCTAAGGCCG
AATACACGAACGACGACCTCTGGAACAAACTGCAAAGGCATTGTCGCCCAA
GCTTTACCGGGGGACGGCCACAAAGTG—3’

20. Q150-2
5’—

125

GGAGCAGTCAAATACATACGACGTACCAGATTACGCTCATATGACAAGTTTGT
ACAAAAAAGTTGGCCACCCTACCTCTGCAAACGTCAATACATCGAATACATCA
ACTGCTATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCG
GGCCGCGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACG
CGGGGGCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGC
GCTGTACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGC
GAGAATCCTGAAGATGATCAGTGTCGAAGATGACACACACCAGGGCACCCG
CATCCTTGTGCTCAAAGACGCACTCGGCTTCGGCAAGGACCGGGCCACCTC
CCTGCGCTTCAGCGCTCTCAATGCAACGAAACCAATCGCCGACACGTCTGG
TGCCGTTCTGGAAGTCACGTTCAAACACACGCACGCGAGAAGTCCGAGGTG
TACTCGAAGGTGCTCCGTACCCTGTCGCCCGACACCTTGTTGTGTTTTAACC
TGCCCGCAGGAGTTATCCTCCCGCCCGAGCCCCAGAATACGCTCCAATCAT
CCATGGAGTCGCACCAGAATCGATCAGCCAAAGCGGTAACACCCGATTCAA
GTTCGTGGTGCGCTGCGCTGGCGCAGTGGCGCTTGACCACGTCCACGACG
CGGCGACCAAGATCGAGTGGAAACGCTCCTTTGCCCAAGTCCGCAAGCGCT
TGGCGTTCGTCAAAAACGTCGTCGAACTGCGTTTCATTATCAGTCCTAAAGC
CGAATACACGAACGACGACCTCTGGGAACAAACTGCAAGGCATTGTCGCCA
AGCTT
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21. A1
5’—
GGCATCATCGTACATACGACGTACCAGATTACGCTCATATGACAAGTTTGTAC
AAAAAAGTTGGCCTTATACCTCTGCAAACGTCAATACATCGAATACATCAACT
GCTATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCGGGC
CGCGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGCGG
GGGCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGCGCT
GTACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGCGAG
AATCCTGAAGATGATCAGTGTCGAAGATGACACACACCAGGGCACCCGCAT
CCTTGTGCTCAAAGACGCACTCGGCTTCGGCAAGGACCGGGCCACCTCCC
TGCGCTTCAGCGCTCTCAATGCAACGAAACCAATCGCCGACACGTCTGGTG
CCGTTCTGGAAGTCACGTTCAAACACACGCACGCGAGAAGTCCGAGGTGTA
CTCGAAGGTGCTCCGTACCCTGTCGCCCGACACCTTGTTGTGTTTTAACCTG
CCCGCAGGAGTTATCCTCCCGCCCGAGCCCCAGAATACGCTCCAATCATCC
ATGGAGTCGCACCAGAATCGATCAGCCAAAGCGGTAACACCCGATTCAAGTT
CGTGGTGCGCTGCGCTGGCGCAGTGGCGCTTGACCACGTCCACGACGCG
GCGACCAAGATCGAGTGGAAACGCTCCTTTGCCCAAGTCCGCAAGCGCTTG
GCGTTCGTCAAAAACGTCGTCGAACTGCGTTTCAT—3’
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22. A170
5’—
GCAACATCGTACATACGACGTACCAGATTACGCTCATATGACAAGTTTGTACA
AAAAAGTTGGCCCTTCATCCTCTGCAAACGTCAATACATCGAATACATCAACT
GCTATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCGGGC
CGCGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGCGG
GGGCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGCGCT
GTACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGCGAG
AATCCTGAAGATGATCAGTGTCGAAGATGACACACACCAGGGCACCCGCAT
CCTTGTGCTCAAAGACGCACTCGGCTTCGGCAAGGACCGGGCCACCTCCC
TGCGCTTCAGCGCTCTCAATGCAACGAAACCAATCGCCGACACGTCTGGTG
CCGTTCTGGAAGTCACGTTCAAACACACGCACGCGAGAAGTCCGAGGTGTA
CTCGAAGGTGCTCCGTACCCTGTCGCCCGACACCTTGTTGTGTTTTAACCTG
CCCGCAGGAGTTATCCTCCCGCCCGAGCCCCAGAATACGCTCCAATCATCC
ATGGAGTCGCACCAGAATCGATCAGCCAAAGCGGTAACACCCGATTCAAGTT
CGTGGTGCGCTGCGCTGGCGCAGTGGCGCTTGACCACGTCCACGACGCG
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GCGACCAAGATCGAGGGAAACGCTCCTTTGCCCA—3’

23. C148
5’—
GATCCGTCGATACCATACGACGTACCAGATTACGCTCATATGACAAGTTTGTA
CAAAAAAGTTGGCCACCCTACCTCTGCAAACGTCAATACATCGAATACATCAA
CTGCTATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCGG
GCCGCGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGC
GGGGGCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGCG
CTGTACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGCG
AGAATCCTGAAGATGATCAGTGTCGAAGATGACACACACCAGGGCACCCGC
ATCCTTGTGCTCAAAGACGCACTCGGCTTCGGCAAGGACCGGGCCACCTCC
CTGCGCTTCAGCGCTCTCAATGCAACGAAACCAATCGCCGACACGTCTGGT
GCCGTTCTGGAAGTCACGTTCAAACACACGCACGCGAGAAGTCCGAGGTGT
ACTCGAAGGTGCTCCGTACCCTGTCGCCCGACACCTTGTTGTGTTTTAACCT
GCCCGCAGGAGTTATCCTCCCGCCCGAGCCCCAGAATACGCTCCAATCATC
CATGGAGTCGCACCAGAATCGATCAGCCAAAGCGGTAACACCCGATTCAAG
TTCGTGGTGCGCTGCGCTGGCGCAGTGGCGCTTGACCACGTCCACGACGC
GGCGACCAAGATCGAGTGGAAACGCTCCTTTGCCCAAGTCCGCAAGCGC—
3’
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24. D44-3
5’—
AAAAATCCAATCGATAGATACGTCGTACCAGATTACGCTCATATGACAAGTTTG
TACAAAAAAGTTGGCCATGCCCCACTCTGCAAACGTCAATACATCGAATACAT
CAACTGTCTATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTT
CCGGGCCGCGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTG
ACGCGGGGGGCGGGAGGCCGATGCCGCCGAGGGACCAGCGAAACCCCCG
GCCTAGCGCTGTTACCAGGGAAAAGCGTGATGAAGAACAGAAGAGAAAGGA
TGATGTTCGCGAGAATTCCTGAAGGATGATCAGTGGTCGAAGATGAACACAC
ACCAGGGGCACCCGCCATCCCTTGTGGCTTCAAGAACTCACTCGGCTTCCG
GCAAAGGACCGGTCAACTTCCTGGCCTTCAGGGCTCTAATGGCACGAATCA
TTCGCGAAACGCTTGTGCGCTCTGAGTTCCGTTCCAACACGCACCGAGAGT
TCGAGGGTAACTCGAGGGGTTCGGGAACTTGTGCCCGAAACTTTT—3’
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25. F127-2
5’—
GATCAGTCGATACATACGACGTACCAGATTACGCTCATATGACAAGTTTGTAC
AAAAAAGTTGGCTAATATCTCTGCAAACGTCAATACATCGAATACATCAACTGC
TATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCGGGCCG
CGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGCGGGG
GGGCGGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCCGGCCCTAGC
GCTGTACCAGGGAAAAGCGTGATGAAGACAGAAGAGGAAAGATGATGTCGC
GAGAATCCTGAAGATGATCAGTTGTCGAAGATGACACACCACCAAGGGCAC
CCGCATCTTTGTTGCTCAAGACGCACTCCGGCTTTCGGCAAGATCGGGGCC
ACCTCCCTGGCGGCTTCAGCGCTTCTCAATTGCACCGAATCAATCGCGACG
GTCTGGTGCGTTCTGGAGTCCCGTTCAACACCGCCCGGAGAAAGTCCGAG
GTTTACTCGAAGGGTCTCGTACCTGTGCGCGGACAACCTGTGGGGGTTAC—
3’
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26. F152
5’—
GGATCATCGTACATACGACGTACCAGATTACGCTCATATGACAAGTTTGTACA
AAAAAGTTGGCTGACCCTCTGCAAACGTCAATACATCGAATACATCAACTGCT
ATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCGGGCCG
CGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGCGGGG
GCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGCGCTGT
ACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGCGAGAA
TCCTGAAGATGATCAGTGTCGAAGATGACACACACCAGGGCACCCGCATCC
TTGTGCTCAAAGACGCACTCGGCTTCGGCAAGGACCGGGCCACCTCCCTG
CGCTTCAGCGCTCTCAATGCAACGAAACCAATCGCCGACACGTCTGGTGCC
GTTCTGGAAGTCACGTTCAAACACACGCACGCGAGAAGTCCGAGGTGTACT
CGAAGGTGCTCCGTACCCTGTCGCCCGACACCTTGTTGTGTTTTAACCTGC
CCGCAGGAGTTATCCTCCCGCCCGAGCCCCAGAATACGCTCCAATCATCCAT
GGAGTCGCACCAGAATCGATCAGCCAAAGCGGTAACACCCGATTCAAGTTC
GTGGTGCGCTGCGCTGGCGCAGTGGCGCTTGACCACGTCCACGACGCGG
CGACCAAGATCGAGTGGAAACGCTCCTTTGCCCAAGTCCGCAAGCGCTTGG
CGTTCGTCAAAAACGTCGTCGAACTGCGTTTTCATTATCAGTCCTA—3’
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27. H145-2
5’—
GGATCAGGTGTACATACGACGTACCAGATTACGCTCATATGACAAGTTTGTAC
AAAAAAGTTGGCTGATAGTCTGCAAACGTCAATACATCGAATACATCAACTGC
TATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCGGGCCG
CGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGCGGGG
GCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGCGCTGT
ACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGCGAGAA
TCCTGAAGATGATCAGTGTCGAAGATGACACACACCAGGGCACCCGCATCC
TTGTGCTCAAAGACGCACTCGGCTTCGGCAAGGACCGGGCCACCTCCCTG
CGCTTCAGCGCTCTCAATGCAACGAAACCAATCGCCGACACGTCTGGTGCC
GTTCTGGAAGTCACGTTCAAACACACGCACGCGAGAAGTCCGAGGTGTACT
CGAAGGTGCTCCGTACCCTGTCGCCCGACACCTTGTTGTGTTTTAACCTGC
CCGCAGGAGTTATCCTCCCGCCCGAGCCCCAGAATACGCTCCAATCATCCAT
GGAGTCGCACCAGAATCGATCAGCCAAAGCGGTAACACCCGATTCAAGTTC
GTGGTGCGCTGCGCTGGCGCAGTGGCGCTTGACCACGTCCACGACGCGG
CGACCAAGATCGAGTGGAAACGCTCCTTTGCCCAAGTCCGCAAGCGCTTGG
CGTTCGTCAAAAACGTCGTCGAACTGCGTTTCATTATCAGTCCTAAAGG—3’
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28. I54
5’—
ACAAAGTGAAAGTGCCAGTATCCATACGACGTACCAGATTACGCTCATATGAC
AAGTTTGTACAAAAAAGTTGGCCATGCCCCTCTGCAAACGTCAATACATCGA
ATACATCAACTGCTATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCC
TGTTCCGGGCCGCGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGT
GGTGACGCGGGGGCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCG
GCCTAGCGCTGTACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATG
ATGTCGCGAGAATCCTGAAGATGATCAGTGTCGAAGATGACACACACCAGG
GCACCCGCATCCTTGTGCTCAAAGACGCACTCGGCTTCGGCAAGGACCGG
GCCACCTCCCTGCGCTTCAGCGCTCTCAATGCAACGAAACCAATCGCCGAC
ACGTCTGGTGCCGTTCTGGAAGTCACGTTCAAACACACGCACGCGAGAAGT
CCGAGGTGTACTCGAAGGTGCTCCGTACCCTGTCGCCCGACACCTTGTTGT
GTTTTAACCTGCCCGCAGGAGTTATCCTCCCGCCCGAGCCCCAGAATACGC
TCCAATCATCCATGGAGTCGCACCAGAATCGATCAGCCAAAGCGGTAACACC
CGATTCAAGTTCGTGGTGCGCTGCGCTGGCGCAGTGGCGCTTGACCACGT
CCACGACGCGGCGACCAAGATCGAGTGGAAACGCTCCTTTGCCCAAGTCC
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GCAAGCGCTTGGCGTTCGTCAAAAACGTCGTCGAACTGCGTTTCATTATCAG
TCCTAAAGGCCG—3’

29. B79
5’—
AACATTTAACTCTGCGTGATTCTCCTAATCCCTTGAAGTTGACAAAAAGTGGT
ATTTCCTCTGCAACGTCAATACATCGAATACATCAACTGCTATACCAGCTAACG
ACCCGATGCCCGACCAGGCACCGCCTGTTCCGGGCCGCGGCCCTCCGGA
GCCGGCAGCGACGGGACAACCACGTGGTGACGCGGGGGCGGAGGCCGAT
GCCGCCGAGGGACCAGCGAACCCCGGCCTAGCGCTGTACCAGGAAAAGCG
TGATGAAGAACAGAAGAGGAAAGATGATGTCGCGAGAATCCTGAAGATGATC
AGTGTCGAAGATGACACACACCAGGGCACCCGCATCCTTGTGCTCAAAGAC
GCACTCGGCTTCGGCAAGGACCGGGCCACCTCCCTGCGCTTCAGCGCTCT
CAATGCAACGAAACCAATCGCCGACACGTCTGGTGCCGTTCTGGAAGTCAC
GTTCAAACACACGCACGCGAGAAGTCCGAGGTGTACTCGAAGGTGCTCCGT
ACCCTGTCGCCCGACACCTTGTTGTGTTTTAACCTGCCCGCAGGAGTTATCC
TCCCGCCCGAGCCCCAGAATACGCTCCAATCATCCATGGAGTCGCACCAGA
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ATCGATCAGCCAAAGCGGTAACACCCGATTCAAGTTCGTGGTGCGCTGCGC
TGGCGCAGTGGCGCTTGACCACGTCCACGACGCGGCGACCAAGATCGAGT
GGAAACGCTCCTTTGCCCAAGTCCGCAAGCGCT—3’

30. G38
5’—
GGAATCAAGCTATACATACGACGTACCAGATTACGCTCATATGACAAGTTTGTA
CAAAAAAGTTGGTTAAACTACCTCTGCAAACGTCAATACATCGAATACATCAA
CTGCTATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCGG
GCCGCGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGC
GGGGGCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGCG
CTGTACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGCG
AGAATCCTGAAGATGATCAGTGTCGAAGATGACACACACCAGGGCACCCGC
ATCCTTGTGCTCAAAGACGCACTCGGCTTCGGCAAGGACCGGGCCACCTCC
CTGCGCTTCAGCGCTCTCAATGCAACGAAACCAATCGCCGACACGTCTGGT
GCCGTTCTGGAAGTCACGTTCAAACACACGCACGCGAGAAGTCCGAGGTGT
ACTCGAAGGTGCTCCGTACCCTGTCGCCCGACACCTTGTTGTGTTTTAACCT
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GCCCGCAGGAGTTATCCTCCCGCCCGAGCCCCAGAATACGCTCCAATCATC
CATGGAGTCGCACCAGAATCGATCAGCCAAAGCGGTAACACCCGATTCAAG
TTCGTGGTGCGCTGCGCTGGCGCAGTGGCGCTTGACCACGTCCACGACGC
GGCGACCAAGATCGAGTGGGAAACGCT—3’

31. I153-1
5’—
GGCCCGGGGAATACATACGACGTACCAGATTACGCTCATATGACAAGTTTGTA
CAAAAAAGTTGGCACCTACCTCTGCAAACGTCAATACATCGAATACATCAACT
GCTATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCGGGC
CGCGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGCGG
GGGCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGCGCT
GTACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGCGAG
AATCCTGAAGATGATCAGTGTCGAAGATGACACACACCAGGGCACCCGCAT
CCTTGTGCTCAAAGACGCACTCGGCTTCGGCAAGGACCGGGCCACCTCCC
TGCGCTTCAGCGCTCTCAATGCAACGAAACCAATCGCCGACACGTCTGGTG
CCGTTCTGGAAGTCACGTTCAAACACACGCACGCGAGAAGTCCGAGGTGTA
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CTCGAAGGTGCTCCGTACCCTGTCGCCCGACACCTTGTTGTGTTTTAACCTG
CCCGCAGGAGTTATCCTCCCGCCCGAGCCCCAGAATACGCTCCAATCATCC
ATGGAGTCGCACCAGAATCGATCAGCCAAAGCGGTAACACCCGATTCAAGTT
CGTGGTGCGCTGCGCTGGCGCAGTGGCGCTTGACCACGTCCACGACGCG
GCGACCAAGATCGAGTGGAAACGCTCCTTTGCCCAAGTCCCGCAAGCG—3’

32. L177-1
5’—
GACCAGCGTACATACGACGTACCAGATTACGCTCATATGACAAGTTTGTACAA
AAAAGTTGGCCATCCTACCTCTGCAAACGTCAATACATCGAATACATCAACTG
CTATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCGGGCC
GCGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGCGGG
GGCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGCGCTG
TACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGCGAGA
ATCCTGAAGATGATCAGTGTCGAAGATGACACACACCAGGGCACCCGCATC
CTTGTGCTCAAAGACGCACTCGGCTTCGGCAAGGACCGGGCCACCTCCCT
GCGCTTCAGCGCTCTCAATGCAACGAAACCAATCGCCGACACGTCTGGTGC
CGTTCTGGAAGTCACGTTCAAACACACGCACGCGAGAAGTCCGAGGTGTAC
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TCGAAGGTGCTCCGTACCCTGTCGCCCGACACCTTGTTGTGTTTTAACCTGC
CCGCAGGAGTTATCCTCCCGCCCGAGCCCCAGAATACGCTCCAATCATCCAT
GGAGTCGCACCAGAATCGATCAGCCAAAGCGGTAACACCCGATTCAAGTTC
GTGGTGCGCTGCGCTGGCGCAGTGGCGCTTGACCACGTC—3’

33. M95
5’—
GGGCGGTGTGAAACTAAGACGTTATAGATTACGCTCTATGACAATTTGTACAA
AATATTGGTAAAAACTTGCAAACGTCATACATCGAATACATCAATGCTATACAG
CTAACGACCCGATGCCCGACAGGCACCGCCTGTTCCGGGCCGCGGCCCTC
CGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGCGGGGGCGGAGG
CCGATGCCGCCGAGGGACCAGCGAACCCCGGCTTAGCGCTGTACCAGGAA
AAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGCGAGAATCCTGAAG
ATGATCAGTGTCGAAGATGACACACACCAGGGCACCCGCATCCTTGTGCTC
AAAGACGCACTCGGCTTCGGCAAGGACCGGGCCACCTCCCTGCGCTTCAG
CGCTCTCAATGCAACGAAACCAATCGCCGACACGTCTGGGTGCCGTTCTGG
AAAGTCACGTTCAAACACACGCACGCGAGAAGTCCGTGGTGTACTCGAAGG
TGCTCCGTACCCTGTCGCCCGACACCTTTGTTGTGTTTTAACCTGCCCGCAG
GAGTTATCCTCCCCGCCCCGTGCCCCAGAATACGCTCCAATCATCCATGGAG
TCGCACCAGAATCGATCAGCCAAAGCGGTAACACCCGATTCAAGTTCGTGGT
GCGCTGCGCTGGCGCAGTGGCGCTTGACCACGTCCACGACGCGGCGACC
AAGATCGAGTGGAAACGCTCCTTTG—3’
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34. M178-1
5’—
TGCTCAGCATACATACGACGTACCAGATTACGCTCATATGACAAGTTTGTACA
AAAAAGTTGGTTAATTTACCTCTGCAAACGTCAATACATCGAATACATCAACTG
CTATACCAGCTAACGACCCGATGCCCGACCAGGCACCGCCTGTTCCGGGCC
GCGGCCCTCCGGAGCCGGCAGCGACGGGACAACCACGTGGTGACGCGGG
GGCGGAGGCCGATGCCGCCGAGGGACCAGCGAACCCCGGCCTAGCGCTG
TACCAGGAAAAGCGTGATGAAGAACAGAAGAGGAAAGATGATGTCGCGAGA
ATCCTGAAGATGATCAGTGTCGAAGATGACACACACCAGGGCACCCGCATC
CTTGTGCTCAAAGACGCACTCGGCTTCGGCAAGGACCGGGCCACCTCCCT
GCGCTTCAGCGCTCTCAATGCAACGAAACCAATCGCCGACACGTCTGGTGC
CGTTCTGGAAGTCACGTTCAAACACACGCACGCGAGAAGTCCGAGGTGTAC
TCGAAGGTGCTCCGTACCCTGTCGCCCGACACCTTGTTGTGTTTTAACCTGC
CCGCAGGAGTTATCCTCCCGCCCGAGCCCCAGAATACGCTCCAATCATCCAT
GGAGTCGCACCAGAATCGATCAGCCAAAGCGGTAACACCCGATTCAAGTTC
GTGGTGCGCTGCGCTGGCGCAGTGGCGCTTGACCAC—3’
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Yeast-Two Hybrid Sequencing and BlastX Results Showing MVLG_06379
J117-1
5’—
GGAGCCGGTGGGATCCATACGACGTACCAGATTACGCTCATATGACAAGTTT
GTACAAAAAAGTTGGAAAGCGAAGGGGTTGTACGTGTGCGGTGCGCCCCCT
TGCCGCACCGCAGCCTCCTCATCATCGCCGCACGTTCATTGCTGCCCCACT
TGGAGCGCGCGACTCGGCATCCGCATCGACGTCCAAGCTTGCCCCGGAGC
CACCCGCGCGCTCAGTATCGGCGAGGAGGGCGTTGCTGTATGTTCCCGGAT
CGAACGTCAAGATGTTGAGGAGTGCGTTGAGCAAGGGCACCAGCGACGCG
TTGATCTTGGACCTCGAGGTCGGTGCCCATCCCAGTTCAGGTGCAGTCAAT
GTAAGCACTGCTTCGATCACTGATCCGCATCCGGTCCTTTCAAACAGGACTC
GGTTGCGACGGGCCAGAAAGGAGCGGCGAGGCAGAATGTGTTCGATGCAC
TCCAATCGGCCGACTCGACCCAATCGCAGCTGTTCGTGCGGATCAACTCCC
CCACTCGCTCCTTTGGCTTCGATGACCTCCAAGTCGTGCTCAAATCGTCCAA
CCTCCAAGGTATCGTCATCCCCAAGGTCGACACCGTCCAAGATGTCCCAAGT
CGTAGATCGTTGCATCTCGGAGCACGGCTTGGAAACGACAAAAGATCGGAT
CAAACTCATCGTCTCTGTCGAGTCGCCGCTCTCGTTGATAAACCTTCAAAGA
AATCGCAACCTCCTCCAACAGGATTGACGCCTTGCTCTTTGCCCGCAGAAG
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ACTATTGCGCTTTCTTCCAACATCATTCGCACCGAATCGAGGCAGGAGATGC
TCTTTTGTTCGATCACAAATCGTCGCCGTCGCCAAGGCGTTTCGGGTCCTCG
GGGGCAATCGATTCTTGGTTTCGCCACGGGCGTACA—3’

Yeast-Two Hybrid Sequencing and BlastX Results Showing CASP-like
protein 2C1 (CASPL2C1)
1. R162
5’—
GACCAGGCAATACATACGACGTACCAGATTACGCTCATATGACAAGTTTGTAC
AAAAAAGTTGGGGGGAAACTTTGTACAAAAAAGTTGGGATTATTTGCGTTTGT
AACACTCTTTCTTGCTGCTCTTATTGTCGTTGTTGATTCGGAAAGTAAGATGA
TCTTTGGTTATTACAAACAAACGGCTAGCTACAAGTTGGTAACCATTGCAAGG
ATGTACGTGTATGTCCATTTTATTGGAGCCGGGTATAGCCTATTTCAATTCGTT
AGATGCTTGGCTTTGACGACCGACGACCAAGGAGACCATTTGACCTTTTCAA
GTCATATGCAAAAGTGGACTCATTTTTCACTTGATCAGGTGATGGTATACCTAA
TATTTGCAACAAATTGCGCCATATCCGAAATAGCTGATATGGTGTTAATGGGGT
CGGAAGTGTTCCAGTGGATGAAATTATGCAACAAGTTTACAAAGTTTTGTGTC
CAAATTGGAGGTGCCATACTTTGTGGATTAACTGCAACACTATTACTAGCTGT
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GATTTCGGGCATTTCTACCTTCAATTTATTTAGATGGTATTCTCCAAACGCTTT
GTGCCTTAAACCTAAGAGAACGGGCATGGTTGCTCCAGTTATTATTTAGGTAG
TTACTTGTATAAATAAAGGTACAAAATAACAAAAACTTGTGCTACAAGTACGTA
GTATATATATATATATATGGAGTAATAAATTTGTAGACCCATACAGTGAGTTTGTA
TTCGATCATATACATTGTATTTTATACTCCGATAAATATATATAAATGTTAAGAAAA
CAATGTACCAATACATTGTATAATACCTAGCAACTTTGTATTTCTGTAAGTTACG
AAT—3’

2. J7-2
5’’—
GGACAGCGTACCATACGACGTACCAGATTACGCTCATATGACAAGTTTGTACA
AAAAAGTTGGTTGGGACAACTTTGTACAAAAAAGTTGGGATTATTTGCGTTTG
TAACACTCTTTCTTGCTGCTCTTATTGTCGTTGTTGATTCGGAAAGTAAGATG
ATCTTTGGTTATTACAAACAAACGGCTAGCTACAAGTTGGTAACCATTGCAAG
GATGTACGTGTATGTCCATTTTATTGGAGCCGGGTATAGCCTATTTCAATTCGT
TAGATGCTTGGCTTTGACGACCGACGACCAAGGAGACCATTTGACCTTTTCA
AGTCATATGCAAAAGTGGACTCATTTTTCACTTGATCAGGTGATGGTATACCTA
ATATTTGCAACAAATTGCGCCATATCCGAAATAGCTGATATGGTGTTAATGGGG
TCGGAAGTGTTCCAGTGGATGAAATTATGCAACAAGTTTACAAAGTTTTGTGT
CCAAATTGGAGGTGCCATACTTTGTGGATTAACTGCAACACTATTACTAGCTG
TGATTTCGGGCATTTCTACCTTCAATTTATTTAGATGGTATTCTCCAAACGCTT
TGTGCCTTAAACCTAAGAGAACGGGCATGGTTGCTCCAGTTATTATTTAGGTA
GTTACTTGTATAAATAAAGGTACAAAATAACAAAAACTTGTGCTACAAGTACGT
AGTATATATATATATATATGGAGTAATAAATTTGTAGACCCATACAGTGAGTTTGT
ATTCGATCA—3’
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3. L21-2
5’—
GATCAGCGTACATACGACGTACCAGATTACGCTCATATGACAAGTTTGTACAA
AAAAGTTGGGGGGATAACTTTGTACAAAAAAGTTGGGATTATTTGCGTTTGTA
ACACTCTTTCTTGCTGCTCTTATTGTCGTTGTTGATTCGGAAAGTAAGATGAT
CTTTGGTTATTACAAACAAACGGCTAGCTACAAGTTGGTAACCATTGCAAGGA
TGTACGTGTATGTCCATTTTATTGGAGCCGGGTATAGCCTATTTCAATTCGTTA
GATGCTTGGCTTTGACGACCGACGACCAAGGAGACCATTTGACCTTTTCAAG
TCATATGCAAAAGTGGACTCATTTTTCACTTGATCAGGTGATGGTATACCTAAT
ATTTGCAACAAATTGCGCCATATCCGAAATAGCTGATATGGTGTTAATGGGGT
CGGAAGTGTTCCAGTGGATGAAATTATGCAACAAGTTTACAAAGTTTTGTGTC
CAAATTGGAGGTGCCATACTTTGTGGATTAACTGCAACACTATTACTAGCTGT
GATTTCGGGCATTTCTACCTTCAATTTATTTAGATGGTATTCTCCAAACGCTTT
GTGCCTTAAACCTAAGAGAACGGGCATGGTTGCTCCAGTTATTATTTAGGTAG
TTACTTGTATAAATAAAGGTACAAAATAACAAAAACTTGTGCTACAAGTACGTA
GTATATATATATATATATGGAGTAATAAATTTGTAGACCCATACAG—3’
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4. H12
5’—
CCTCTATGAAGTTTGTACAAAAGTGGGGGGACAACTTTGTACAAAAGTGGGA
TTTAGGGCAAACACTCTTTCTTGCTGCTCTTATTGTCGAAGTTGATTCGGAAA
GTAAGATGATCTTTGGTTATTACAAACAAACGGCTAGCTACAAGTTGGTAACC
ATTGCAAGGATGTACGTGTATGTCCATTTTATTGGAGCCGGGTATAGCCTATTT
CAATTCGTTAGATGCTTGGCTTTGACGACCGACGACCAAGGAGACCATTTGA
CCTTTTCAAGTCATATGCAAAAGTGGACTCATTTTTCACTTGATCAGGTGATG
GTATACCTAATATTTGCAACAAATTGCGCCATATCCGAAATAGCTGATATGGTG
TTAATGGGGTCGGAAGTGTTCCAGTGGATGAAATTATGCAACAAGTTTACAAA
GTTTTGTGTCCAAATTGGAGGTGCCATACTTTGTGGATAACTGCAACACTATT
ACTAGCTGTGATTTCGGGCATTTCTACCTTCAATTTATTTAGATGGTATTCCCA
AACGCTTTGTGCCTTAAACTAAGAGACGGGCATGGTTGTCCAGTTTTATTTAG
TAGTACTTGTATAATAAGGTCCAAATAACAAAACCTGGGCTCCAGACGTAGTT
TTTTTTTTTTGGGGAATAATTTG—3’

Yeast-Two Hybrid Sequencing Results Showing Constitutive
photomorphogenesis 9 (COP9) signalosome complex subunit 5a and/or 5b
(CSN5a/5b)
1. 20-1
5’—
GGGCGAGCGCCGCCATGGAGTACCCATACGACGTACCAGATTACGCTCATAT
GACAAGTTTGTACAAAAAAGTTGGAAATAAGGGCAAGAGAAGAAGAAGAAGA
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ATGGATCCGAAGACAATAGCGCAGAAAACATGGGAAATAGAGAACAATATAGA
AACAGTAAACGACGCAGCATCAGATGCAATATTCAAGTACGACGAAGCGGCA
CAGGTGAAATTCCAACAAGAGAAACCATGGACGAATGAACCTCATTACTTCA
AAAGGGTAAAAGTATCAGCATTAGCATTACTAAAGATGGTAGTACATGCTAGAT
CAGGTGGGAATATAGAAGTAATGGGTTTAATGCAGGGTAAAACTGATGGTGAT
GCTATTATTGTTATGGATGCTTTTGCTTTACCTGTTGAAGGTACTGAAACTAGG
GTTAATGCCCAGGCTGATGCTTATGAATATATGGTTGATTATTCTACTACTAATA
AACAGGCTGGAAGACTGGAAAATGTGGTTGGCTGGTACCACTCTCATCCTG
GTTATGGTTGCTGGCTTTCTGGCATTGATGTTTCTACACAAATGCTCAACCAA
CAATTCCAAGAACCCTTCCTGGCTGTCGTCATTGATCCAACCAGAACTGTTT
CTGCTGGAAAAGTTGAAATTGGTGCTTTCAGGACATACCCGGAGGGCTATAA
GCCACCAGATGAGCCTATCTCAGAATATCAAACCATTCCCTTAAATAAGATTG
AAGACTTTGGAGTGCATTGTAAACAGTATTACTCATTGGACATCACATATTTCA
AGTCTTCTCTTGATTGCCACCTCTTGGATCTTTTGTGGAACAAATACTGGGTG
AATACCCTTTCCTCATCACCTTTGCTGGGAAATGGAGACTATATTGCTGGGCA
AATATCTGATCTCGCTGAGAAATTGGAGCAGGCAGAAAACCAGTTGGCTCAT
TCTCGTTTTGGGTCTATAGTTGCGCCTTCTCAAAAGAAAAAAGAGGAAGAGC
CAGCACTTGCTAAGATAACACGTGATAGTACTAAGATAAC—3’

2. 21-2
5’—
TAGGGCGAGCGCCGCCNTGGAGTACCCATACGACGTACCAGATTACGCTCA
TATGACAAGTTTGTACAAAAAAGTTGGAAATAAGGGCAAGAGAAGAAGAAGA
AGAATGGATCCGAAGACAATAGCGCAGAAAACATGGGAAATAGAGAACAATA
TAGAAACAGTAAACGACGCAGCATCAGATGCAATATTCAAGTACGACGAAGC
GGCACAGGTGAAATTCCAACAAGAGAAACCATGGACGAATGAACCTCATTAC
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TTCAAAAGGGTAAAAGTATCAGCATTAGCATTACTAAAGATGGTAGTACATGCT
AGATCAGGTGGGAATATAGAAGTAATGGGTTTAATGCAGGGTAAAACTGATGG
TGATGCTATTATTGTTATGGATGCTTTTGCTTTACCTGTTGAAGGTACTGAAAC
TAGGGTTAATGCCCAGGCTGATGCTTATGAATATATGGTTGATTATTCTACTAC
TAATAAACAGGCTGGAAGACTGGAAAATGTGGTTGGCTGGTACCACTCTCAT
CCTGGTTATGGTTGCTGGCTTTCTGGCATTGATGTTTCTACACAAATGCTCAA
CCAACAATTCCAAGAACCCTTCCTGGCTGTCGTCATTGATCCAACCAGAACT
GTTTCTGCTGGAAAAGTTGAAATTGGTGCTTTCAGGACATACCCGGAGGGCT
ATAAGCCACCAGATGAGCCTATCTCAGAATATCAAACCATTCCCTTAAATAAGA
TTGAAGACTTTGGAGTGCATTGTAAACAGTATTACTCATTGGACATCACATATT
TCAAGTCTTCTCTTGATTGCCACCTCTTGGATCTTTTGTGGAACAAATACTGG
GTGAATACCCTTTCCTCATCACCTTTGCTGGGAAATGGAGACTATATTGCTGG
GCAAATATCTGATCTCGCTGAGAAATTGGAGCAGGCAGAAAACCAGTTGGCT
CATTCTCGTTTTGGGTCTATAGTTGCGCCTTCTCAAAAGAAAAAAGAGGAAG
AGCCAGCACTTGCTAAGATAACACGTGATAGTACTAAGATAACAGTCGAGCA
GGTCCC—3’

3. 22-3
5’—
AGGGCGAGCGCCGCCNTGGAGTACCCATACGACGTACCAGATTACGCTCAT
ATGACAAGTTTGTACAAAAAAGTTGGAAATAAGGGCAAGAGAAGAAGAAGAA
GAATGGATCCGAAGACAATAGCGCAGAAAACATGGGAAATAGAGAACAATATA
GAAACAGTAAACGACGCAGCATCAGATGCAATATTCAAGTACGACGAAGCGG
CACAGGTGAAATTCCAACAAGAGAAACCATGGACGAATGAACCTCATTACTT
CAAAAGGGTAAAAGTATCAGCATTAGCATTACTAAAGATGGTAGTACATGCTA
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GATCAGGTGGGAATATAGAAGTAATGGGTTTAATGCAGGGTAAAACTGATGGT
GATGCTATTATTGTTATGGATGCTTTTGCTTTACCTGTTGAAGGTACTGAAACT
AGGGTTAATGCCCAGGCTGATGCTTATGAATATATGGTTGATTATTCTACTACT
AATAAACAGGCTGGAAGACTGGAAAATGTGGTTGGCTGGTACCACTCTCATC
CTGGTTATGGTTGCTGGCTTTCTGGCATTGATGTTTCTACACAAATGCTCAAC
CAACAATTCCAAGAACCCTTCCTGGCTGTCGTCATTGATCCAACCAGAACTG
TTTCTGCTGGAAAAGTTGAAATTGGTGCTTTCAGGACATACCCGGAGGGCTA
TAAGCCACCAGATGAGCCTATCTCAGAATATCAAACCATTCCCTTAAATAAGAT
TGAAGACTTTGGAGTGCATTGTAAACAGTATTACTCATTGGACATCACATATTT
CAAGTCTTCTCTTGATTGCCACCTCTTGGATCTTTTGTGGAACAAATACTGGG
TGAATACCCTTTCCTCATCACCTTTGCTGGGAAATGGAGACTATATTGCTGGG
CAAATATCTGATCTCGCTGAGAAATTGGAGCAGGCAGAAAACCAGTTGGCTC
ATTCTCGTTTTGGGTCTATAGTTGCGCCTTCTCAAAAGAAAAANGAGGAAGA
GCCAGCACTTGCTAAGATAACACGTGATAGTACTAAGATAACAGTCGAGCAG
GTCCATGGTTTGATGNCC—3’

4. 23-2
5’—
CGAGCGCCGCCATGGANTACCNATACGACGTACCAGATTACGCTCATATGAC
AAGTTTGTACAAAAAAGTTGGAAATAAGGGCAAGAGAAGAAGAAGAAGAATG
GATCCGAAGACAATAGCGCACAAAACATGGGAAATAGAGAACAATATAGAAAC
AGTAAACGACGCAGCATCAGATGCAATATTCAAGTACGACGAAGCGGCACAG
GTGAAATTCCAACAAGAGAAACCATGGACGAATGAACCTCATTACTTCAAAA
GGGTAAAAGTATCAGCATTAGCATTACTAAAGATGGTAGTACATGCTAGATCA
GGTGGGAATATAGAAGTAATGGGTTTAATGCAGGGTAAAACTGATGGTGATG
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CTATTATTGTTATGGATGCTTTTGCTTTACCTGTTGAAGGTACTGAAACTAGGG
TTAATGCCCAGGCTGATGCTTATGAATATATGGTTGATTATTCTACTACTAATAA
ACAGGCTGGAAGACTGGAAAATGTGGTTGGCTGGTACCACTCTCATCCTGG
TTATGGTTGCTGGCTTTCTGGCATTGATGTTTCTACACAAATGCTCAACCAAC
AATTCCAAGAACCCTTCCTGGCTGTCGTCATTGATCCAACCAGAACTGTTTCT
GCTGGAAAAGTTGAAATTGGTGCTTTCAGGACATACCCGGAGGGCTATAAGC
CACCAGATGAGCCTATCTCAGAATATCAAACCATTCCCTTAAATAAGATTGAAG
ACTTTGGAGTGCATTGTAAACAGTATTACTCATTGGACATCACATATTTCAAGT
CTTCTCTTGATTGCCACCTCTTGGATCTTTTGTGGAACAAATACTGGGTGAAT
ACCCTTTCCTCATCACCTTTGCTGGGAAATGGAGACTATATTGCTGGGCAAAT
ATCTGATCTCGCTGAGAAATTGGAGCAGGCAGAAAACCAGTTGGCTCATTCT
CGTTTTGGGTCTATAGTTGCGCCTTCTCAAANAAAAANGAGGAAGAGCCAGC
ACTTGCTAAGATAACACGTGATAGTACTAAGATAACAGTCGAGCAGGTCCATG
GTTTGATGTCCNAGGTAATCAAAGATGTCCTATTTAATTCCGTTAGACCATT—
3’

5. 24-1
5’—
TGGAGTACCCATACGACGTACCAGATTACGCTCATATGACAAGTTTGTACAAA
AANGTTGGAAATAAGGGCAAGAGAAGAAGAAGAAGAATGGATCCGAAGACA
ATAGCGCAGAAAACATGGGAAATAGAGAACAATATAGAAACAGTAAACGACG
CAGCATCAGATGCAATATTCAAGTACGACGAAGCGGCACAGGTGAAATTCCA
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ACAAGAGAAACCATGGACGAATGAACCTCATTACTTCAAAAGGGTAAAAGTAT
CAGCATTAGCATTACTAAAGATGGTAGTACATGCTAGATCAGGTGGGAATATA
GAAGTAATGGGTTTAATGCAGGGTAAAACTGATGGTGATGCTATTATTGTTATG
GATGCTTTTGCTTTACCTGTTGAAGGTACTGAAACTAGGGTTAATGCCCAGG
CTGATGCTTATGAATATATGGTTGATTATTCTACTACTAATAAACAGGCTGGAA
GACTGGAAAATGTGGTTGGCTGGTACCACTCTCATCCTGGTTATGGTTGCTG
GCTTTCTGGCATTGATGTTTCTACACAAATGCTCAACCAACAATTCCAAGAAC
CCTTCCTGGCTGTCGTCATTGATCCAACCAGAACTGTTTCTGCTGGAAAAGT
TGAAATTGGTGCTTTCAGGACATACCCGGAGGGCTATAAGCCACCAGATGAG
CCTATCTCAGAATATCAAACCATTCCCTTAAATAAGATTGAAGACTTTGGAGTG
CATTGTAAACAGTATTACTCATTGGACATCACATATTTCAAGTCTTCTCTTGATT
GCCACCTCTTGGATCTTTTGTGGAACAAATACTGGGTGAATACCCTTTCCTCA
TCACCTTTGCTGGGAAATGGAGACTATATTGCTGGGCAAATATCTGATCTCGC
TGAGAAATTGGAGCAGGCAGAAAACCAGTTGGCTCATTCTCGTTTTGGGTCT
ATAGTTGCGCCTTCTCAAAAGAAAAAAGAGGAAAANCCAGCACTTGCTAANN
TAACACGTGATAGTACTAAGATAACAGTCGAGCAGGTCCATGGTTTGATGTCC
CAGGTAATCAA—3

6. 25-2
5’—
AGCGCCGCCATGGAGTACCNATACGACGTACCAGATTACGCTCATATGACAA
GTTTGTACAAAAAAGTTGGAAATAAGGGCAAGAGAAGAAGAAGAAGAATGGA
TCCGAAGACAATAGCGCAGAAAACATGGGAAATAGAGAACAATATAGAAACA
GTAAACGACGCAGCATCAGATGCAATATTCAAGTACGACGAAGCGGCACAGG
TGAAATTCCAACAAGAGAAACCATGGACGAATGAACCTCATTACTTCAAAAG
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GGTAAAAGTATCAGCATTAGCATTACTAAAGATGGTAGTACATGCTAGATCAG
GTGGGAATATAGAAGTAATGGGTTTAATGCAGGGTAAAACTGATGGTGATGCT
ATTATTGTTATGGATGCTTTTGCTTTACCTGTTGAAGGTACTGAAACTAGGGTT
AATGCCCAGGCTGATGCTTATGAATATATGGTTGATTATTCTACTACTAATAAAC
AGGCTGGAAGACTGGAAAATGTGGTTGGCTGGTACCACTCTCATCCTGGTTA
TGGTTGCTGGCTTTCTGGCATTGATGTTTCTACACAAATGCTCAACCAACAAT
TCCAAGAACCCTTCCTGGCTGTCGTCATTGATCCAACCAGAACTGTTTCTGC
TGGAAAAGTTGAAATTGGTGCTTTCAGGACATACCCGGAGGGCTATAAGCCA
CCAGATGAGCCTATCTCAGAATATCAAACCATTCCCTTAAATAAGATTGAAGAC
TTTGGAGTGCATTGTAAACAGTATTACTCATTGGACATCACATATTTCAAGTCT
TCTCTTGATTGCCACCTCTTGGATCTTTTGTGGAACAAATACTGGGTGAATAC
CCTTTCCTCATCACCTTTGCTGGGAAATGGAGACTATATTGCTGGGCAAATAT
CTGATCTCGCTGAGAAATTGGAGCAGGCAGAAAACCAGTTGGCTCATTCTC
GTTTTGGGTCTATAGTTGCGCCTTCTCAAAAGAAAAAAGAGGAAGAGCCAGC
ACTTGCTAAGATAACACGTGATAGTACTAAGANAACAGTCGAGCAGGTCCAT
GGTTTGATGTCCCAGGTAATCAAAGATGTCCTATTTAATTCCGTTAGACCAATT
ACGTCTCAG—3’

7. 26-1
5’—
CGCCGCCATGGANTACCNATACGACGTACCAGATTACGCTCATATGACAAGT
TTGTACAAAAAAGTTGGAAATAAGGGCAAGAGAAGAAGAAGAAGAATGGATC
CGAAGACAATAGCGCAGAAAACATGGGAAATAGAGAACAATATAGAAACAGTA
AACGACGCAGCATCAGATGCAATATTCAAGTACGACGAAGCGGCACAGGTG
AAATTCCAACAAGAGAAACCATGGACGAATGAACCTCATTACTTCAAAAGGG
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TAAAAGTATCAGCATTAGCATTACTAAAGATGGTAGTACATGCTAGATCAGGTG
GGAATATAGAAGTAATGGGTTTAATGCAGGGTAAAACTGATGGTGATGCTATT
ATTGTTATGGATGCTTTTGCTTTACCTGTTGAAGGTACTGAAACTAGGGTTAAT
GCCCAGGCTGATGCTTATGAATATATGGTTGATTATTCTACTACTAATAAACAG
GCTGGAAGACTGGAAAATGTGGTTGGCTGGTACCACTCTCATCCTGGTTATG
GTTGCTGGCTTTCTGGCATTGATGTTTCTACACAAATGCTCAACCAACAATTC
CAAGAACCCTTCCTGGCTGTCGTCATTGATCCAACCAGAACTGTTTCTGCTG
GAAAAGTTGAAATTGGTGCTTTCAGGACATACCCGGAGGGCTATAAGCCACC
AGATGAGCCTATCTCAGAATATCAAACCATTCCCTTAAATAAGATTGAAGACTT
TGGAGTGCATTGTAAACAGTATTACTCATTGGACATCACATATTTCAAGTCTTC
TCTTGATTGCCACCTCTTGGATCTTTTGTGGAACAAATACTGGGTGAATACCC
TTTCCTCATCACCTTTGCTGGGAAATGGAGACTATATTGCTGGGCAAATATCT
GATCTCGCTGAGAAATTGGAGCAGGCAGAAAACCAGTTGGCTCATTCTCGTT
TTGGGTCTATAGTTGCGCCTTCTCAAAANAAAAAAGAGGAAGAGCCAGCACT
TGCTAAGATAACCNNGNATAGTACTAAGATAACAGTCNAGCAGGTCCATGGTT
TGATGTCCCAGGTAATCNAAGATGTCCTATTTAATTCCGTT—3’

8. 27-3
5’—
GGGCGAGCGCCGCCNTGGAGTACCNATACGACGTACCAGATTACGCTCATAT
GACAAGTTTGTACAAAAAAGTTGGAAATAAGGGCAAGAGAAGAAGAAGAAGA
ATGGATCCGAAGACAATAGCGCAGAAAACATGGGAAATAGAGAACAATATAGA
AACAGTAAACGACGCAGCATCAGATGCAATATTCAAGTACGACGAAGCGGCA
CAGGTGAAATTCCAACAAGAGAAACCATGGACGAATGAACCTCATTACTTCA
AAAGGGTAAAAGTATCAGCATTAGCATTACTAAAGATGGTAGTACATGCTAGAT
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CAGGTGGGAATATAGAAGTAATGGGTTTAATGCAGGGTAAAACTGATGGTGAT
GCTATTATTGTTATGGATGCTTTTGCTTTACCTGTTGAAGGTACTGAAACTAGG
GTTAATGCCCAGGCTGATGCTTATGAATATATGGTTGATTATTCTACTACTAATA
AACAGGCTGGAAGACTGGAAAATGTGGTTGGCTGGTACCACTCTCATCCTG
GTTATGGTTGCTGGCTTTCTGGCATTGATGTTTCTACACAAATGCTCAACCAA
CAATTCCAAGAACCCTTCCTGGCTGTCGTCATTGATCCAACCAGAACTGTTT
CTGCTGGAAAAGTTGAAATTGGTGCTTTCAGGACATACCCGGAGGGCTATAA
GCCACCAGATGAGCCTATCTCAGAATATCAAACCATTCCCTTAAATAAGATTG
AAGACTTTGGAGTGCATTGTAAACAGTATTACTCATTGGACATCACATATTTCA
AGTCTTCTCTTGATTGCCACCTCTTGGATCTTTTGTGGAACAAATACTGGGTG
AATACCCTTTCCTCATCACCTTTGCTGGGAAATGGAGACTATATTGCTGGGCA
AATATCTGATCTCGCTGAGAAATTGGAGCAGGCAGAAAACCAGTTGGCTCAT
TCTCGTTTTGGGTCTATAGTTGCGCCTTCTCAAAANAAAAANGAGGAAGAGC
CAGCACTTGCTAAGATAACACGTGATAGTACTAAGATAACAGTCGAGCAGGT
CCATGGTTTGATGTCCCAGGTAATCAAAGATGTCCTATTTAATTCCGTTAGAC
CAATTACGTCTCAGGCCNA—3’

9. 28-1
5’—
GGGCGAGCGCCGCCNTGGAGTACCNATACGACGTACCAGATTACGCTCATAT
GACAAGTTTGTACAAAAAAGTTGGAAATAAGGGCAAGAGAAGAAGAAGAAGA
ATGGATCCGAAGACAATAGCGCAGAAAACATGGGAAATAGAGAACAATATAGA
AACAGTAAACGACGCAGCATCAGATGCAATATTCAAGTACGACGAAGCGGCA
CAGGTGAAATTCCAACAAGAGAAACCATGGACGAATGAACCTCATTACTTCA
AAAGGGTAAAAGTATCAGCATTAGCATTACTAAAGATGGTAGTACATGCTAGAT
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CAGGTGGGAATATAGAAGTAATGGGTTTAATGCAGGGTAAAACTGATGGTGAT
GCTATTATTGTTATGGATGCTTTTGCTTTACCTGTTGAAGGTACTGAAACTAGG
GTTAATGCCCAGGCTGATGCTTATGAATATATGGTTGATTATTCTACTACTAATA
AACAGGCTGGAAGACTGGAAAATGTGGTTGGCTGGTACCACTCTCATCCTG
GTTATGGTTGCTGGCTTTCTGGCATTGATGTTTCTACACAAATGCTCAACCAA
CAATTCCAAGAACCCTTCCTGGCTGTCGTCATTGATCCAACCAGAACTGTTT
CTGCTGGAAAAGTTGAAATTGGTGCTTTCAGGACATACCCGGAGGGCTATAA
GCCACCAGATGAGCCTATCTCAGAATATCAAACCATTCCCTTAAATAAGATTG
AAGACTTTGGAGTGCATTGTAAACAGTATTACTCATTGGACATCACATATTTCA
AGTCTTCTCTTGATTGCCACCTCTTGGATCTTTTGTGGAACAAATACTGGGTG
AATACCCTTTCCTCATCACCTTTGCTGGGAAATGGAGACTATATTGCTGGGCA
AATATCTGATCTCGCTGAGAAATTGGAGCAGGCAGAAAACCAGTTGGCTCAT
TCTCGTTTTGGGTCTATAGTTGCGCCTTCTCAAAANAAAAANGAGGAAGAGC
CAGCACTTGCTAAGATAACACGTGATAGTACTAAGATAACAGTCGAGCAGGT
CCATGGTTTGATGTCCCAGGTAATCAAAGATGTCCTATTTAATTCCGTTAGAC
CAATTACGTCTCAGGCAAAATCATCTGGGCCCGAA—3’

10. 29-2
5’—
TAGGGCGAGCGCCGCCATGGAGTACCCATACGACGTACCAGATTACGCTCAT
ATGACAAGTTTGTACAAAAAAGTTGGAAATAAGGGCAAGAGAAGAAGAAGAA
GAATGGATCCGAAGACAATAGCGCAGAAAACATGGGAAATAGAGAACAATATA
GAAACAGTAAACGACGCAGCATCAGATGCAATATTCAAGTACGACGAAGCGG
CACAGGTGAAATTCCAACAAGAGAAACCATGGACGAATGAACCTCATTACTT
CAAAAGGGTAAAAGTATCAGCATTAGCATTACTAAAGATGGTAGTACATGCTA

154

GATCAGGTGGGAATATAGAAGTAATGGGTTTAATGCAGGGTAAAACTGATGGT
GATGCTATTATTGTTATGGATGCTTTTGCTTTACCTGTTGAAGGTACTGAAACT
AGGGTTAATGCCCAGGCTGATGCTTATGAATATATGGTTGATTATTCTACTACT
AATAAACAGGCTGGAAGACTGGAAAATGTGGTTGGCTGGTACCACTCTCATC
CTGGTTATGGTTGCTGGCTTTCTGGCATTGATGTTTCTACACAAATGCTCAAC
CAACAATTCCAAGAACCCTTCCTGGCTGTCGTCATTGATCCAACCAGAACTG
TTTCTGCTGGAAAAGTTGAAATTGGTGCTTTCAGGACATACCCGGAGGGCTA
TAAGCCACCAGATGAGCCTATCTCAGAATATCAAACCATTCCCTTAAATAAGAT
TGAAGACTTTGGAGTGCATTGTAAACAGTATTACTCATTGGACATCACATATTT
CAAGTCTTCTCTTGATTGCCACCTCTTGGATCTTTTGTGGAACAAATACTGGG
TGAATACCCTTTCCTCATCACCTTTGCTGGGAAATGGAGACTATATTGCTGGG
CAAATATCTGATCTCGCTGAGAAATTGGAGCAGGCAGAAAACCAGTTGGCTC
ATTCTCGTTTTGGGTCTATAGTTGCGCCTTCTCAAAAGAAAAANGAGGAAGA
GCCAGCACTTGCTAAGATAACACGTGATAGTACTAAGATAACAGTCGAGCAG
GTCCATGGTTTGATGTCCCAGGTAATCAAAGATGTCCTATTTAATTCCGTTANN
CCAATTACGTCTCAGGCAAA—3’

11. 30-2
5’—
AGGGCGAGCGCCGCCATGGAGTACCCATACGACGTACCAGATTACGCTCAT
ATGACAAGTTTGTACAAAAAAGTTGGAAATAAGGGCAAGAGAAGAAGAAGAA
GAATGGATCCGAAGACAATAGCGCAGAAAACATGGGAAATAGAGAACAATATA
GAAACAGTAAACGACGCAGCATCAGATGCAATATTCAAGTACGACGAAGCGG
CACAGGTGAAATTCCAACAAGAGAAACCATGGACGAATGAACCTCATTACTT
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CAAAAGGGTAAAAGTATCAGCATTAGCATTACTAAAGATGGTAGTACATGCTA
GATCAGGTGGGAATATAGAAGTAATGGGTTTAATGCAGGGTAAAACTGATGGT
GATGCTATTATTGTTATGGATGCTTTTGCTTTACCTGTTGAAGGTACTGAAACT
AGGGTTAATGCCCAGGCTGATGCTTATGAATATATGGTTGATTATTCTACTACT
AATAAACAGGCTGGAAGACTGGAAAATGTGGTTGGCTGGTACCACTCTCATC
CTGGTTATGGTTGCTGGCTTTCTGGCATTGATGTTTCTACACAAATGCTCAAC
CAACAATTCCAAGAACCCTTCCTGGCTGTCGTCATTGATCCAACCAGAACTG
TTTCTGCTGGAAAAGTTGAAATTGGTGCTTTCAGGACATACCCGGAGGGCTA
TAAGCCACCAGATGAGCCTATCTCAGAATATCAAACCATTCCCTTAAATAAGAT
TGAAGACTTTGGAGTGCATTGTAAACAGTATTACTCATTGGACATCACATATTT
CAAGTCTTCTCTTGATTGCCACCTCTTGGATCTTTTGTGGAACAAATACTGGG
TGAATACCCTTTCCTCATCACCTTTGCTGGGAAATGGAGACTATATTGCTGGG
CAAATATCTGATCTCGCTGAGAAATTGGAGCAGGCAGAAAACCAGTTGGCTC
ATTCTCGTTTTGGGTCTATAGTTGCGCCTTCTCAAAAGAAAAANGAGGAANA
NCCAGCACTTGCTAAGATAACACGTGATAGTACTAAGATAACAGTCGAGCAG
GTCCATGGTTTGATGTCCCAGGTAATCAAAGATGTCCTATTTAATTCC—3’

12. 32-1
5’—
AGGGCGAGCGCCGCCNTGGAGTACCCATACGACGTACCAGATTACGCTCAT
ATGACAAGTTTGNNNNNAAAAGTTGGAAATAAGGGCAAGAGAAGAAGAAGA
AGAATGGATCCGAAGACAATAGCGCAGAAAACATGGGAAATAGAGAACAATA
TAGAAACAGTAAACGACGCAGCATCAGATGCAATATTCAAGTACGACGAAGC
GGCACAGGTGAAATTCCAACAAGAGAAACCATGGACGAATGAACCTCATTAC
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TTCAAAAGGGTAAAAGTATCAGCATTAGCATTACTAAAGATGGTAGTACATGCT
AGATCAGGTGGGAATATAGAAGTAATGGGTTTAATGCAGGGTAAAACTGATGG
TGATGCTATTATTGTTATGGATGCTTTTGCTTTACCTGTTGAAGGTACTGAAAC
TAGGGTTAATGCCCAGGCTGATGCTTATGAATATATGGTTGATTATTCTACTAC
TAATAAACAGGCTGGAAGACTGGAAAATGTGGTTGGCTGGTACCACTCTCAT
CCTGGTTATGGTTGCTGGCTTTCTGGCATTGATGTTTCTACACAAATGCTCAA
CCAACAATTCCAAGAACCCTTCCTGGCTGTCGTCATTGATCCAACCAGAACT
GTTTCTGCTGGAAAAGTTGAAATTGGTGCTTTCAGGACATACCCGGAGGGCT
ATAAGCCACCAGATGAGCCTATCTCAGAATATCAAACCATTCCCTTAAATAAGA
TTGAAGACTTTGGAGTGCATTGTAAACAGTATTACTCATTGGACATCACATATT
TCAAGTCTTCTCTTGATTGCCACCTCTTGGATCTTTTGTGGAACAAATACTGG
GTGAATACCCTTTCCTCATCACCTTTGCTGGGAAATGGAGACTATATTGCTGG
GCAAATATCTGATCTCGCTGAGAAATTGGAGCAGGCAGAAAACCAGTTGGCT
CATTCTCGTTTTGGGTCTATAGTTGCGCCTTCTCAAAAGAAAAANGAGGAAG
AGCCAGCACTTGCTAAGATAACACGTGATAGTACTAAGATAACAGTCGAGCA
GGTCCATGGTTTGATGTCCCAGGTAATCAAAGATGTCCTATTTAATTCCGTTA
GACCAATTACGT—3’

13. 33-1
5’—
GGGCGAGCGCCGCCNTGGAGTACCCATACGACGTACCAGATTACGCTCATAT
GACAAGTTTGTACAAAAANGTTGGAAATAAGGGCAAGAGAAGAAGAAGAAGA
ATGGATCCGAAGACAATAGCGCAGAAAACATGGGAAATAGAGAACAATATAGA
AACAGTAAACGACGCAGCATCAGATGCAATATTCAAGTACGACGAAGCGGCA
CAGGTGAAATTCCAACAAGAGAAACCATGGACGAATGAACCTCATTACTTCA
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AAAGGGTAAAAGTATCAGCATTAGCATTACTAAAGATGGTAGTACATGCTAGAT
CAGGTGGGAATATAGAAGTAATGGGTTTAATGCAGGGTAAAACTGATGGTGAT
GCTATTATTGTTATGGATGCTTTTGCTTTACCTGTTGAAGGTACTGAAACTAGG
GTTAATGCCCAGGCTGATGCTTATGAATATATGGTTGATTATTCTACTACTAATA
AACAGGCTGGAAGACTGGAAAATGTGGTTGGCTGGTACCACTCTCATCCTG
GTTATGGTTGCTGGCTTTCTGGCATTGATGTTTCTACACAAATGCTCAACCAA
CAATTCCAAGAACCCTTCCTGGCTGTCGTCATTGATCCAACCAGAACTGTTT
CTGCTGGAAAAGTTGAAATTGGTGCTTTCAGGACATACCCGGAGGGCTATAA
GCCACCAGATGAGCCTATCTCAGAATATCAAACCATTCCCTTAAATAAGATTG
AAGACTTTGGAGTGCATTGTAAACAGTATTACTCATTGGACATCACATATTTCA
AGTCTTCTCTTGATTGCCACCTCTTGGATCTTTTGTGGAACAAATACTGGGTG
AATACCCTTTCCTCATCACCTTTGCTGGGAAATGGAGACTATATTGCTGGGCA
AATATCTGATCTCGCTGAGAAATTGGAGCAGGCAGAAAACCAGTTGGCTCAT
TCTCGTTTTGGGTCTATAGTTGCGCCTTCTCAAANAAAAANGAGGAAGAGCC
AGCACTTGCTAAGATAACACGTGATAGTACTAAGATAACAGTCGAGCAGGTC
CATGGTTTGATGTCCCAGGTAATCAAAGATGTCCTATTTAATTCC—3’

14. 34-1
5’—
CGCCGCCTTGGAGTACCCATACGACGTACCAGATTACGCTCATATGACAAGT
TTGTACAAAAAAGTTGGAAATAAGGGCAAGAGAAGAAGAAGAAGAATGGATC
CGAAGACAATAGCGCAGAAAACATGGGAAATAGAGAACAATATAGAAACAGTA
AACGACGCAGCATCAGATGCAATATTCAAGTACGACGAAGCGGCACAGGTG
AAATTCCAACAAGAGAAACCATGGACGAATGAACCTCATTACTTCAAAAGGG
TAAAAGTATCAGCATTAGCATTACTAAAGATGGTAGTACATGCTAGATCAGGTG
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GGAATATAGAAGTAATGGGTTTAATGCAGGGTAAAACTGATGGTGATGCTATT
ATTGTTATGGATGCTTTTGCTTTACCTGTTGAAGGTACTGAAACTAGGGTTAAT
GCCCAGGCTGATGCTTATGAATATATGGTTGATTATTCTACTACTAATAAACAG
GCTGGAAGACTGGAAAATGTGGTTGGCTGGTACCACTCTCATCCTGGTTATG
GTTGCTGGCTTTCTGGCATTGATGTTTCTACACAAATGCTCAACCAACAATTC
CAAGAACCCTTCCTGGCTGTCGTCATTGATCCAACCAGAACTGTTTCTGCTG
GAAAAGTTGAAATTGGTGCTTTCAGGACATACCCGGAGGGCTATAAGCCACC
AGATGAGCCTATCTCAGAATATCAAACCATTCCCTTAAATAAGATTGAAGACTT
TGGAGTGCATTGTAAACAGTATTACTCATTGGACATCACATATTTCAAGTCTTC
TCTTGATTGCCACCTCTTGGATCTTTTGTGGAACAAATACTGGGTGAATACCC
TTTCCTCATCACCTTTGCTGGGAAATGGAGACTATATTGCTGGGCAAATATCT
GATCTCGCTGAGAAATTGGAGCAGGCAGAAAACCAGTTGGCTCATTCTCGTT
TTGGGTCTATAGTTGCGCCTTCTCAAAAGAAAAAAGAGGAAGAGCCAGCACT
TGCTAAGATAACACGTGATAGTACTAAGATAACAGTCGAGCAGGTCCATGGTT
TGATGTCCCAGGTAATCAAAGATGTCCTATTTAATTCCGTTAGACCAATTACG
—3’

15. 35-1
5’—
GGGCGAGCGCCGCCNTGGAGTACCCATACGACGTACCAGATTACGCTCATAT
GACAAGTTTGNNCNNAAAAGTTGGAAATAAGGGCAAGAGAAGAAGAAGAAG
AATGGATCCGAAGACAATAGCGCAGAAAACATGGGAAATAGAGAACAATATAG
AAACAGTAAACGACGCAGCATCAGATGCAATATTCAAGTACGACGAAGCGGC
ACAGGTGAAATTCCAACAAGAGAAACCATGGACGAATGAACCTCATTACTTC
AAAAGGGTAAAAGTATCAGCATTAGCATTACTAAAGATGGTAGTACATGCTAGA
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TCAGGTGGGAATATAGAAGTAATGGGTTTAATGCAGGGTAAAACTGATGGTGA
TGCTATTATTGTTATGGATGCTTTTGCTTTACCTGTTGAAGGTACTGAAACTAG
GGTTAATGCCCAGGCTGATGCTTATGAATATATGGTTGATTATTCTACTACTAAT
AAACAGGCTGGAAGACTGGAAAATGTGGTTGGCTGGTACCACTCTCATCCT
GGTTATGGTTGCTGGCTTTCTGGCATTGATGTTTCTACACAAATGCTCAACCA
ACAATTCCAAGAACCCTTCCTGGCTGTCGTCATTGATCCAACCAGAACTGTT
TCTGCTGGAAAAGTTGAAATTGGTGCTTTCAGGACATACCCGGAGGGCTATA
AGCCACCAGATGAGCCTATCTCAGAATATCAAACCATTCCCTTAAATAAGATT
GAAGACTTTGGAGTGCATTGTAAACAGTATTACTCATTGGACATCACATATTTC
AAGTCTTCTCTTGATTGCCACCTCTTGGATCTTTTGTGGAACAAATACTGGGT
GAATACCCTTTCCTCATCACCTTTGCTGGGAAATGGAGACTATATTGCTGGGC
AAATATCTGATCTCGCTGAGAAATTGGAGCAGGCAGAAAACCAGTTGGCTCA
TTCTCGTTTTGGGTCTATAGTTGCGCCTTCTCAANNAAAAANGAGGAAGAGC
CAGCACTTGCTAAGATAACACGTGATAGTACTAAGATAACAGTCGAGCAGGT
CC—3’

16. 36-2
5’—
TAGGGCGAGCGCCGCCNTGGAGTACCCATACGACGTACCAGATTACGCTCA
TATGACAAGTTTGTACAAAAAAGTTGGAAATAAGGGCAAGAGAAGAAGAAGA
AGAATGGATCCGAAGACAATAGCGCAGAAAACATGGGAAATAGAGAACAATA
TAGAAACAGTAAACGACGCAGCATCAGATGCAATATTCAAGTACGACGAAGC
GGCACAGGTGAAATTCCAACAAGAGAAACCATGGACGAATGAACCTCATTAC
TTCAAAAGGGTAAAAGTATCAGCATTAGCATTACTAAAGATGGTAGTACATGCT

160

AGATCAGGTGGGAATATAGAAGTAATGGGTTTAATGCAGGGTAAAACTGATGG
TGATGCTATTATTGTTATGGATGCTTTTGCTTTACCTGTTGAAGGTACTGAAAC
TAGGGTTAATGCCCAGGCTGATGCTTATGAATATATGGTTGATTATTCTACTAC
TAATAAACAGGCTGGAAGACTGGAAAATGTGGTTGGCTGGTACCACTCTCAT
CCTGGTTATGGTTGCTGGCTTTCTGGCATTGATGTTTCTACACAAATGCTCAA
CCAACAATTCCAAGAACCCTTCCTGGCTGTCGTCATTGATCCAACCAGAACT
GTTTCTGCTGGAAAAGTTGAAATTGGTGCTTTCAGGACATACCCGGAGGGCT
ATAAGCCACCAGATGAGCCTATCTCAGAATATCAAACCATTCCCTTAAATAAGA
TTGAAGACTTTGGAGTGCATTGTAAACAGTATTACTCATTGGACATCACATATT
TCAAGTCTTCTCTTGATTGCCACCTCTTGGATCTTTTGTGGAACAAATACTGG
GTGAATACCCTTTCCTCATCACCTTTGCTGGGAAATGGAGACTATATTGCTGG
GCAAATATCTGATCTCGCTGAGAAATTGGAGCAGGCAGAAAACCAGTTGGCT
CATTCTCGTTTTGGGTCTATAGTTGCGCCTTCTCAAAAGAAAAAAGAGGAAG
AGCCAGCACTTGCTAAGATAACACGTGATAGTACTAAGATAACAGTCGAGCA
GGTCCATGGTTTGATGTCCCAGGTAATCAAAGATGTCCTATTTAATTCCGTTA
GACCAATTACGTCT—3’

17. 37-1
5’—
ATACGACGTACCAGATTACGCTCATATGACAAGTTTGTACAAAAAAGTTGGAA
ATAAGGGCAAGAGAAGAAGAAGAAGAATGGATCCGAAGACAATAGCGCAGA
AAACATGGGAAATAGAGAACAATATAGAAACAGTAAACGACGCAGCATCAGAT
GCAATATTCAAGTACGACGAAGCGGCACAGGTGAAATTCCAACAAGAGAAAC
CATGGACGAATGAACCTCATTACTTCAAAAGGGTAAAAGTATCAGCATTAGCA
TTACTAAAGATGGTAGTACATGCTAGATCAGGTGGGAATATAGAAGTAATGGG
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TTTAATGCAGGGTAAAACTGATGGTGATGCTATTATTGTTATGGATGCTTTTGC
TTTACCTGTTGAAGGTACTGAAACTAGGGTTAATGCCCAGGCTGATGCTTATG
AATATATGGTTGATTATTCTACTACTAATAAACAGGCTGGAAGACTGGAAAATG
TGGTTGGCTGGTACCACTCTCATCCTGGTTATGGTTGCTGGCTTTCTGGCAT
TGATGTTTCTACACAAATGCTCAACCAACAATTCCAAGAACCCTTCCTGGCTG
TCGTCATTGATCCAACCAGAACTGTTTCTGCTGGAAAAGTTGAAATTGGTGC
TTTCAGGACATACCCGGAGGGCTATAAGCCACCAGATGAGCCTATCTCAGAA
TATCAAACCATTCCCTTAAATAAGATTGAAGACTTTGGAGTGCATTGTAAACAG
TATTACTCATTGGACATCACATATTTCAAGTCTTCTCTTGATTGCCACCTCTTG
GATCTTTTGTGGAACAAATACTGGGTGAATACCCTTTCCTCATCACCTTTGCT
GGGAAATGGAGACTATATTGCTGGGCAAATATCTGATCTCGCTGAGAAATTGG
AGCAGGCAGAAAACCAGTTGGCTCATTCTCGTTTTGGGTCTATAGTTGCGCC
TTCTCAAAAGAAAAANGAGGAAGAGCCAGCACTTGCTAAGATAACACGTGAT
AGTACTAAGATAACAGTCGAGCAGGTCCATGGTTTGATGTCCCAGGTAATCC
A—3’

18. 38-2
5’—
GGCGAGCGCCGCCNTGGAGTACCNATACGACGTACCAGATTACGCTCATATG
ACAAGTTTGTACANAANNGTTGGAAATAAGGGCAAGAGAAGAAGAAGAAGAA
TGGATCCGAAGACAATAGCGCAGAAAACATGGGAAATAGAGAACAATATAGA
AACAGTAAACGACGCAGCATCAGATGCAATATTCAAGTACGACGAAGCGGCA
CAGGTGAAATTCCAACAAGAGAAACCATGGACGAATGAACCTCATTACTTCA
AAAGGGTAAAAGTATCAGCATTAGCATTACTAAAGATGGTAGTACATGCTAGAT
CAGGTGGGAATATAGAAGTAATGGGTTTAATGCAGGGTAAAACTGATGGTGAT
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GCTATTATTGTTATGGATGCTTTTGCTTTACCTGTTGAAGGTACTGAAACTAGG
GTTAATGCCCAGGCTGATGCTTATGAATATATGGTTGATTATTCTACTACTAATA
AACAGGCTGGAAGACTGGAAAATGTGGTTGGCTGGTACCACTCTCATCCTG
GTTATGGTTGCTGGCTTTCTGGCATTGATGTTTCTACACAAATGCTCAACCAA
CAATTCCAAGAACCCTTCCTGGCTGTCGTCATTGATCCAACCAGAACTGTTT
CTGCTGGAAAAGTTGAAATTGGTGCTTTCAGGACATACCCGGAGGGCTATAA
GCCACCAGATGAGCCTATCTCAGAATATCAAACCATTCCCTTAAATAAGATTG
AAGACTTTGGAGTGCATTGTAAACAGTATTACTCATTGGACATCACATATTTCA
AGTCTTCTCTTGATTGCCACCTCTTGGATCTTTTGTGGAACAAATACTGGGTG
AATACCCTTTCCTCATCACCTTTGCTGGGAAATGGAGACTATATTGCTGGGCA
AATATCTGATCTCGCTGAGAAATTGGAGCAGGCAGAAAACCAGTTGGCTCAT
TCTCGTTTTGGGTCTATAGTTGCGCCTTCTCAAAAGAAAAAAGAGGAAGAGC
CAGCACTTGCTAAGATAACACGTGATAGTACTAAGATAACAGTCGAGCAGGT
CCATGGTT—3’

19. 39-3
5’—
GGCGAGCGCCGCCNTGGAGTACCCATACGACGTACCAGATTACGCTCATATG
ACAAGTTTGTACAAAAAAGTTGGAAATAAGGGCAAGAGAAGAAGAAGAAGAA
TGGATCCGAAGACAATAGCGCAGAAAACATGGGAAATAGAGAACAATATAGA
AACAGTAAACGACGCAGCATCAGATGCAATATTCAAGTACGACGAAGCGGCA
CAGGTGAAATTCCAACAAGAGAAACCATGGACGAATGAACCTCATTACTTCA
AAAGGGTAAAAGTATCAGCATTAGCATTACTAAAGATGGTAGTACATGCTAGAT
CAGGTGGGAATATAGAAGTAATGGGTTTAATGCAGGGTAAAACTGATGGTGAT
GCTATTATTGTTATGGATGCTTTTGCTTTACCTGTTGAAGGTACTGAAACTAGG
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GTTAATGCCCAGGCTGATGCTTATGAATATATGGTTGATTATTCTACTACTAATA
AACAGGCTGGAAGACTGGAAAATGTGGTTGGCTGGTACCACTCTCATCCTG
GTTATGGTTGCTGGCTTTCTGGCATTGATGTTTCTACACAAATGCTCAACCAA
CAATTCCAAGAACCCTTCCTGGCTGTCGTCATTGATCCAACCAGAACTGTTT
CTGCTGGAAAAGTTGAAATTGGTGCTTTCAGGACATACCCGGAGGGCTATAA
GCCACCAGATGAGCCTATCTCAGAATATCAAACCATTCCCTTAAATAAGATTG
AAGACTTTGGAGTGCATTGTAAACAGTATTACTCATTGGACATCACATATTTCA
AGTCTTCTCTTGATTGCCNCCTCTTGGATCTTTTGNGGAAGAAATACNGGGT
—3’

20. 40-1
5’—
GGGCGAGCGCCGCCNTGGAGTACCNATACGACGTACCAGATTACGCTCATAT
GACAAGTTTGTACAAAAAAGTTGGAAATAAGGGCAAGAGAAGAAGAAGAAGA
ATGGATCCGAAGACAATAGCGCAGAAAACATGGGAAATAGAGAACAATATAGA
AACAGTAAACGACGCAGCATCAGATGCAATATTCAAGTACGACGAAGCGGCA
CAGGTGAAATTCCAACAAGAGAAACCATGGACGAATGAACCTCATTACTTCA
AAAGGGTAAAAGTATCAGCATTAGCATTACTAAAGATGGTAGTACATGCTAGAT
CAGGTGGGAATATAGAAGTAATGGGTTTAATGCAGGGTAAAACTGATGGTGAT
GCTATTATTGTTATGGATGCTTTTGCTTTACCTGTTGAAGGTACTGAAACTAGG
GTTAATGCCCAGGCTGATGCTTATGAATATATGGTTGATTATTCTACTACTAATA
AACAGGCTGGAAGACTGGAAAATGTGGTTGGCTGGTACCACTCTCATCCTG
GTTATGGTTGCTGGCTTTCTGGCATTGATGTTTCTACACAAATGCTCAACCAA
CAATTCCAAGAACCCTTCCTGGCTGTCGTCATTGATCCAACCAGAACTGTTT
CTGCTGGAAAAGTTGAAATTGGTGCTTTCAGGACATACCCGGAGGGCTATAA
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GCCACCAGATGAGCCTATCTCAGAATATCAAACCATTCCCTTAAATAAGATTG
AAGACTTTGGAGTGCATTGTAAACAGTATTACTCATTGGACATCACATATTTCA
AGTCTTCTCTTGATTGCCACCTCTTGGATCTTTTGTGGAACAAATACTGGGTG
AATACCCTTTCCTCATCACCTTTGCTGGGAAATGGAGACTATATTGCTGGGCA
AATATCTGATCTCGCTGAGAAATTGGAGCAGGCAGAAAACCAGTTGGCTCAT
TCTCGTTTTGGGTCTATAGTTGCGCCTTCTCAAAAGAAAAANGAGGAAGAGC
CAGCACTTGCTAAGATAACACGTGATAGTACTAAGATAACAGTCGAGCAGGT
CCATGGTTTGATGTCCCAGGTAATCAAAGATGTCCTATTTAATTCCGTTAGAC
CAATTACGTCTCAGG—3’

21. 41-2
5’—
ATACGACGTACCAGATTACGCTCATATGACAAGTTTGTACAAAAAAGTTGGAA
ATAAGGGCAAGAGAAGAAGAAGAAGAATGGATCCGAAGACAATAGCGCAGA
AAACATGGGAAATAGAGAACAATATAGAAACAGTAAACGACGCAGCATCAGAT
GCAATATTCAAGTACGACGAAGCGGCACAGGTGAAATTCCAACAAGAGAAAC
CATGGACGAATGAACCTCATTACTTCAAAAGGGTAAAAGTATCAGCATTAGCA
TTACTAAAGATGGTAGTACATGCTAGATCAGGTGGGAATATAGAAGTAATGGG
TTTAATGCAGGGTAAAACTGATGGTGATGCTATTATTGTTATGGATGCTTTTGC
TTTACCTGTTGAAGGTACTGAAACTAGGGTTAATGCCCAGGCTGATGCTTATG
AATATATGGTTGATTATTCTACTACTAATAAACAGGCTGGAAGACTGGAAAATG
TGGTTGGCTGGTACCACTCTCATCCTGGTTATGGTTGCTGGCTTTCTGGCAT
TGATGTTTCTACACAAATGCTCAACCAACAATTCCAAGAACCCTTCCTGGCTG
TCGTCATTGATCCAACCAGAACTGTTTCTGCTGGAAAAGTTGAAATTGGTGC
TTTCAGGACATACCCGGAGGGCTATAAGCCACCAGATGAGCCTATCTCAGAA
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TATCAAACCATTCCCTTAAATAAGATTGAAGACTTTGGAGTGCATTGTAAACAG
TATTACTCATTGGACATCACATATTTCAAGTCTTCTCTTGATTGCCACCTCTTG
GATCTTTTGTGGAACAAATACTGGGTGAATACCCTTTCCTCATCACCTTTGCT
GGGAAATGGAGACTATATTGCTGGGCAAATATCTGATCTCGCTGAGAAATTGG
AGCAGGCAGAAAACCAGTTGGCTCATTCTCGTTTTGGGTCTATAGTTGCGCC
TTCTCAAAAGAAAAANGAGGAAGAGCCAGCACTTGCTAAGATAACACGTGAT
AGTACTAAGATAACAGTCGAGCAGGTCCATGGTTTGATGTCCCAGGTAATCA
A—3’

22. 42-1
5’—
TGGAGTACCCATACGACGTACCAGATTACGCTCATATGACAAGTTTGTACAAA
AAAGTTGGAAATAAGGGCAAGAGAAGAAGAAGAAGAATGGATCCGAAGACA
ATAGCGCAGAAAACATGGGAAATAGAGAACAATATAGAAACAGTAAACGACG
CAGCATCAGATGCAATATTCAAGTACGACGAAGCGGCACAGGTGAAATTCCA
ACAAGAGAAACCATGGACGAATGAACCTCATTACTTCAAAAGGGTAAAAGTAT
CAGCATTAGCATTACTAAAGATGGTAGTACATGCTAGATCAGGTGGGAATATA
GAAGTAATGGGTTTAATGCAGGGTAAAACTGATGGTGATGCTATTATTGTTATG
GATGCTTTTGCTTTACCTGTTGAAGGTACTGAAACTAGGGTTAATGCCCAGG
CTGATGCTTATGAATATATGGTTGATTATTCTACTACTAATAAACAGGCTGGAA
GACTGGAAAATGTGGTTGGCTGGTACCACTCTCATCCTGGTTATGGTTGCTG
GCTTTCTGGCATTGATGTTTCTACACAAATGCTCAACCAACAATTCCAAGAAC
CCTTCCTGGCTGTCGTCATTGATCCAACCAGAACTGTTTCTGCTGGAAAAGT
TGAAATTGGTGCTTTCAGGACATACCCGGAGGGCTATAAGCCACCAGATGAG
CCTATCTCAGAATATCAAACCATTCCCTTAAATAAGATTGAAGACTTTGGAGTG
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CATTGTAAACAGTATTACTCATTGGACATCACATATTTCAAGTCTTCTCTTGATT
GCCACCTCTTGGATCTTTTGTGGAACAAATACTGGGTGAATACCCTTTCCTCA
TCACCTTTGCTGGGAAATGGAGACTATATTGCTGGGCAAATATCTGATCTCGC
TGAGAAATTGGAGCAGGCAGAAAACCAGTTGGCTCATTCTCGTTTTGGGTCT
ATAGTTGCGCCTTCTCAAAAGAAAAANGAGGAAGAGCCAGCACTTGCTAAGA
TAACACGTGATAGTACTAAGATAACAGTCGAGCAGGTCCATGGTTTGATGTCC
CAGGTAATCAAAGATGTCCTATTTAATTCCGTTA—3’

23. 43-3
5’—
TACGACGTACCAGATTACGCTCATATGACAAGTTTGTACAAAAAAGTTGGAAA
TAAGGGCAAGAGAAGAAGAAGAAGAATGGATCCGAAGACAATAGCGCAGAA
AACATGGGAAATAGAGAACAATATAGAAACAGTAAACGACGCAGCATCAGATG
CAATATTCAAGTACGACGAAGCGGCACAGGTGAAATTCCAACAAGAGAAACC
ATGGACGAATGAACCTCATTACTTCAAAAGGGTAAAAGTATCAGCATTAGCAT
TACTAAAGATGGTAGTACATGCTAGATCAGGTGGGAATATAGAAGTAATGGGT
TTAATGCAGGGTAAAACTGATGGTGATGCTATTATTGTTATGGATGCTTTTGCT
TTACCTGTTGAAGGTACTGAAACTAGGGTTAATGCCCAGGCTGATGCTTATGA
ATATATGGTTGATTATTCTACTACTAATAAACAGGCTGGAAGACTGGAAAATGT
GGTTGGCTGGTACCACTCTCATCCTGGTTATGGTTGCTGGCTTTCTGGCATT
GATGTTTCTACACAAATGCTCAACCAACAATTCCAAGAACCCTTCCTGGCTGT
CGTCATTGATCCAACCAGAACTGTTTCTGCTGGAAAAGTTGAAATTGGTGCT
TTCAGGACATACCCGGAGGGCTATAAGCCACCAGATGAGCCTATCTCAGAAT
ATCAAACCATTCCCTTAAATAAGATTGAAGACTTTGGAGTGCATTGTAAACAG
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TATTACTCATTGGACATCACATATTTCAAGTCTTCTCTTGATTGCCACCTCTTG
GATCTTTTGTGGAACAAATACTGGGTGAATACCCTTTCCTCATCACCTTTGCT
GGGAAATGGAGACTATATTGCTGGGCAAATATCTGATCTCGCTGAGAAATTGG
AGCAGGCAGAAAACCAGTTGGCTCATTCTCGTTTTGGGTCTATAGTTGCGCC
TTCTCAAAANAAAAANGAGGAAGAGCCAGCACTTGCTAAGATAACACGTGAT
AGTACTAAGATAACAGTCGAGCAGGTCCATGGTTTGATGTCCCAGGTAATCA
AAGATGTCCTATTTAATTCCGTTAGA—3’

24. 44-2
5’—
ATACGACGTACCAGATTACGCTCATATGACAAGTTTGTACAAAAAAGTTGGAA
ATAAGGGCAAGAGAAGAAGAAGAAGAATGGATCCGAAGACAATAGCGCAGA
AAACATGGGAAATAGAGAACAATATAGAAACAGTAAACGACGCAGCATCAGAT
GCAATATTCAAGTACGACGAAGCGGCACAGGTGAAATTCCAACAAGAGAAAC
CATGGACGAATGAACCTCATTACTTCAAAAGGGTAAAAGTATCAGCATTAGCA
TTACTAAAGATGGTAGTACATGCTAGATCAGGTGGGAATATAGAAGTAATGGG
TTTAATGCAGGGTAAAACTGATGGTGATGCTATTATTGTTATGGATGCTTTTGC
TTTACCTGTTGAAGGTACTGAAACTAGGGTTAATGCCCAGGCTGATGCTTATG
AATATATGGTTGATTATTCTACTACTAATAAACAGGCTGGAAGACTGGAAAATG
TGGTTGGCTGGTACCACTCTCATCCTGGTTATGGTTGCTGGCTTTCTGGCAT
TGATGTTTCTACACAAATGCTCAACCAACAATTCCAAGAACCCTTCCTGGCTG
TCGTCATTGATCCAACCAGAACTGTTTCTGCTGGAAAAGTTGAAATTGGTGC
TTTCAGGACATACCCGGAGGGCTATAAGCCACCAGATGAGCCTATCTCAGAA
TATCAAACCATTCCCTTAAATAAGATTGAAGACTTTGGAGTGCATTGTAAACAG
TATTACTCATTGGACATCACATATTTCAAGTCTTCTCTTGATTGCCACCTCTTG
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GATCTTTTGTGGAACAAATACTGGGTGAATACCCTTTCCTCATCACCTTTGCT
GGGAAATGGAGACTATATTGCTGGGCAAATATCTGATCTCGCTGAGAAATTGG
AGCAGGCAGAAAACCAGTTGGCTCATTCTCGTTTTGGGTCTATAGTTGCGCC
TTCTCAAAAGAAAAAAGAGGAAGAGCCAGCACTTGCTAAGATAACNNGTGAT
AGTACTAAGATAACAGTCGAGCAGGTCCATGGTTTGATGTCCCAGGTAATCA
AAGATGTCCTATTTAATTCCGTTA—3’

25. 45-1
5’—
TGGAGTACCCATACGACGTACCAGATTACGCTCATATGACAAGTTTGTACNNN
NNAGTTGGAAATAAGGGCAAGAGAAGAAGAAGAAGAATGGATCCGAAGACA
ATAGCGCAGAAAACATGGGAAATAGAGAACAATATAGAAACAGTAAACGACG
CAGCATCAGATGCAATATTCAAGTACGACGAAGCGGCACAGGTGAAATTCCA
ACAAGAGAAACCATGGACGAATGAACCTCATTACTTCAAAAGGGTAAAAGTAT
CAGCATTAGCATTACTAAAGATGGTAGTACATGCTAGATCAGGTGGGAATATA
GAAGTAATGGGTTTAATGCAGGGTAAAACTGATGGTGATGCTATTATTGTTATG
GATGCTTTTGCTTTACCTGTTGAAGGTACTGAAACTAGGGTTAATGCCCAGG
CTGATGCTTATGAATATATGGTTGATTATTCTACTACTAATAAACAGGCTGGAA
GACTGGAAAATGTGGTTGGCTGGTACCACTCTCATCCTGGTTATGGTTGCTG
GCTTTCTGGCATTGATGTTTCTACACAAATGCTCAACCAACAATTCCAAGAAC
CCTTCCTGGCTGTCGTCATTGATCCAACCAGAACTGTTTCTGCTGGAAAAGT
TGAAATTGGTGCTTTCAGGACATACCCGGAGGGCTATAAGCCACCAGATGAG
CCTATCTCAGAATATCAAACCATTCCCCTTAAATAAGGATTGAA—3’

169

26. 48-2
5’—
TGGAGTACCCATACGACGTACCAGATTACGCTCATATGACAAGTTTGTACAAA
AAAGTTGGAAATAAGGGCAAGAGAAGAAGAAGAAGAATGGATCCGAAGACA
ATAGCGCAGAAAACATGGGAAATAGAGAACAATATAGAAACAGTAAACGACG
CAGCATCAGATGCAATATTCAAGTACGACGAAGCGGCACAGGTGAAATTCCA
ACAAGAGAAACCATGGACGAATGAACCTCATTACTTCAAAAGGGTAAAAGTAT
CAGCATTAGCATTACTAAAGATGGTAGTACATGCTAGATCAGGTGGGAATATA
GAAGTAATGGGTTTAATGCAGGGTAAAACTGATGGTGATGCTATTATTGTTATG
GATGCTTTTGCTTTACCTGTTGAAGGTACTGAAACTAGGGTTAATGCCCAGG
CTGATGCTTATGAATATATGGTTGATTATTCTACTACTAATAAACAGGCTGGAA
GACTGGAAAATGTGGTTGGCTGGTACCACTCTCATCCTGGTTATGGTTGCTG
GCTTTCTGGCATTGATGTTTCTACACAAATGCTCAACCAACAATTCCAAGAAC
CCTTCCTGGCTGTCGTCATTGATCCAACCAGAACTGTTTCTGCTGGAAAAGT
TGAAATTGGTGCTTTCAGGACATACCCGGAGGGCTATAAGCCACCAGATGAG
CCTATCTCAGAATATCAAACCATTCCCTTAAATAAGATTGAAGACTTTGGAGTG
CATTGTAAACAGTATTACTCATTGGACATCACATATTTCAAGTCTTCTCTTGATT
GCCACCTCTTGGATCTTTTGTGGAACAAATACTGGGTGAATACCCTTTCCTCA
TCACCTTTGCTGGGAAATGGAGACTATATTGCTGGGCAAATATCTGATCTCGC
TGAGAAATTGGAGCAGGCAGAAAACCAGTTGGCTCATTCTCGTTTTGGGTCT
ATAGTTGCGCCTTCTCCAAGGAA—3’
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27. 49-3
5’—
GGCGAGCGCCGCCATGGAGTACCCATACGACGTACCAGATTACGCTCATATG
ACAAGTTTGTACAAAAAAGTTGGAAATAAGGGCAAGAGAAGAAGAAGAAGAA
TGGATCCGAAGACAATAGCGCAGAAAACATGGGAAATAGAGAACAATATAGA
AACAGTAAACGACGCAGCATCAGATGCAATATTCAAGTACGACGAAGCGGCA
CAGGTGAAATTCCAACAAGAGAAACCATGGACGAATGAACCTCATTACTTCA
AAAGGGTAAAAGTATCAGCATTAGCATTACTAAAGATGGTAGTACATGCTAGAT
CAGGTGGGAATATAGAAGTAATGGGTTTAATGCAGGGTAAAACTGATGGTGAT
GCTATTATTGTTATGGATGCTTTTGCTTTACCTGTTGAAGGTACTGAAACTAGG
GTTAATGCCCAGGCTGATGCTTATGAATATATGGTTGATTATTCTACTACTAATA
AACAGGCTGGAAGACTGGAAAATGTGGTTGGCTGGTACCACTCTCATCCTG
GTTATGGTTGCTGGCTTTCTGGCATTGATGTTTCTACACAAATGCTCAACCAA
CAATTCCAAGAACCCTTCCTGGCTGTCGTCATTGATCCAACCAGAACTGTTT
CTGCTGGAAAAGTTGAAATTGGTGCTTTCAGGACATACCCGGAGGGCTATAA
GCCACCAGATGAGCCTATCTCAGAATATCAAACCATTCCCTTAAATAAGATTG
AAGACTTTGGAGTGCATTGTAAACAGTATTACTCATTGGACATCACATATTTCA
AGTCTTCTCTTGATTGCCACCTCTTGGATCTTTTGTGGAACAAATACTGGGTG
AATACCCTTTCCTCATCACCTTTGCTGGGAAATGGAGACTATATTGCTGGGCA
AATATCTGATCTCGCTGANAAATTGGAGCAGGCAGAAAACCAGTTGGCTCAT
TCTCGTTTTGGGTCTATAGTTGCGCCTTCTCCAAGGAAAA—3’
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28. 50-2
5’—
ATACGACGTACCAGATTACGCTCATATGACAAGTTTGTACAAAAAAGTTGGAA
ATAAGGGCAAGAGAAGAAGAAGAAGAATGGATCCGAAGACAATAGCGCAGA
AAACATGGGAAATAGAGAACAATATAGAAACAGTAAACGACGCAGCATCAGAT
GCAATATTCAAGTACGACGAAGCGGCACAGGTGAAATTCCAACAAGAGAAAC
CATGGACGAATGAACCTCATTACTTCAAAAGGGTAAAAGTATCAGCATTAGCA
TTACTAAAGATGGTAGTACATGCTAGATCAGGTGGGAATATAGAAGTAATGGG
TTTAATGCAGGGTAAAACTGATGGTGATGCTATTATTGTTATGGATGCTTTTGC
TTTACCTGTTGAAGGTACTGAAACTAGGGTTAATGCCCAGGCTGATGCTTATG
AATATATGGTTGATTATTCTACTACTAATAAACAGGCTGGAAGACTGGAAAATG
TGGTTGGCTGGTACCACTCTCATCCTGGTTATGGTTGCTGGCTTTCTGGCAT
TGATGTTTCTACACAAATGCTCAACCAACAATTCCAAGAACCCTTCCTGGCTG
TCGTCATTGATCCAACCAGAACTGTTTCTGCTGGAAAAGTTGAAATTGGTGC
TTTCAGGACATACCCGGAGGGCTATAAGCCACCAGATGAGCCTATCTCAGAA
TATCAAACCATTCCCTTAAATAAGATTGAAGACTTTGGAGTGCATTGTAAACAG
TATTACTCATTGGACATCACATATTTCAAGTCTTCTCTTGATTGCCACCTCTTG
GATCTTTTGTGGAACAAATACTGGGTGAATACCCTTTCCTCATCACCTTTGCT
GGGAAATGGAGACTATATTGCTGGGCAAATATCTGATCTCGCTGAGAAATTGG
AGCAGGCAGAAAACCAGTTGGCTCATTCTCGTTTTGGGTCTATAGTTGCGCC
TTCT—3’
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29. 51-1
5’—
TGGAGTACCCATACGACGTACCAGATTACGCTCATATGACAAGTTTGTACAAA
AAAGTTGGAAATAAGGGCAAGAGAAGAAGAAGAAGAATGGATCCGAAGACA
ATAGCGCAGAAAACATGGGAAATAGAGAACAATATAGAAACAGTAAACGACG
CAGCATCAGATGCAATATTCAAGTACGACGAAGCGGCACAGGTGAAATTCCA
ACAAGAGAAACCATGGACGAATGAACCTCATTACTTCAAAAGGGTAAAAGTAT
CAGCATTAGCATTACTAAAGATGGTAGTACATGCTAGATCAGGTGGGAATATA
GAAGTAATGGGTTTAATGCAGGGTAAAACTGATGGTGATGCTATTATTGTTATG
GATGCTTTTGCTTTACCTGTTGAAGGTACTGAAACTAGGGTTAATGCCCAGG
CTGATGCTTATGAATATATGGTTGATTATTCTACTACTAATAAACAGGCTGGAA
GACTGGAAAATGTGGTTGGCTGGTACCACTCTCATCCTGGTTATGGTTGCTG
GCTTTCTGGCATTGATGTTTCTACACAAATGCTCAACCAACAATTCCAAGAAC
CCTTCCTGGCTGTCGTCATTGATCCAACCAGAACTGTTTCTGCTGGAAAAGT
TGAAATTGGTGCTTTCAGGACATACCCGGAGGGCTATAAGCCACCAGATGAG
CCTATCTCAGAATATCAAACCATTCCCTTAAATAAGATTGAAGACTTTGGAGTG
CATTGTAAACAGTATTACTCATTGGACATCACATATTTCAAGTCTTCTCTTGATT
GCCACCTCTTGGATCTTTTGTGGAACAAATACTGGGTGAATACCCTTTCCTCA
TCACCTTTGCTGGGAAATGGAGACTATATTGCTGGGCAAATATCTGATCTCGC
TGANAAATTGGAGCAGGCAGAAAACCAGTTGGCTCATTCTCGTTTTGGGTCT
ATAGTTG—3’
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30. 52-1
5’—
TGGAGTACCCATACGACGTACCAGATTACGCTCATATGACAAGTTTGTACAAA
AAAGTTGGAAATAAGGGCAAGAGAAGAAGAAGAAGAATGGATCCGAAGACA
ATAGCGCAGAAAACATGGGAAATAGAGAACAATATAGAAACAGTAAACGACG
CAGCATCAGATGCAATATTCAAGTACGACGAAGCGGCACAGGTGAAATTCCA
ACAAGAGAAACCATGGACGAATGAACCTCATTACTTCAAAAGGGTAAAAGTAT
CAGCATTAGCATTACTAAAGATGGTAGTACATGCTAGATCAGGTGGGAATATA
GAAGTAATGGGTTTAATGCAGGGTAAAACTGATGGTGATGCTATTATTGTTATG
GATGCTTTTGCTTTACCTGTTGAAGGTACTGAAACTAGGGTTAATGCCCAGG
CTGATGCTTATGAATATATGGTTGATTATTCTACTACTAATAAACAGGCTGGAA
GACTGGAAAATGTGGTTGGCTGGTACCACTCTCATCCTGGTTATGGTTGCTG
GCTTTCTGGCATTGATGTTTCTACACAAATGCTCAACCAACAATTCCAAGAAC
CCTTCCTGGCTGTCGTCATTGATCCAACCAGAACTGTTTCTGCTGGAAAAGT
TGAAATTGGTGCTTTCAGGACATACCCGGAGGGCTATAAGCCACCAGATGAG
CCTATCTCAGAATATCAAACCATTCCCTTAAATAAGATTGAAGACTTTGGAGTG
CATTGTAAACAGTATTACTCATTGGACATCACATATTTCAAGTCTTCTCTTGATT
GCCACCTCTTGGATCTTTTGTGGAACAAATACTGGGTGAATACCCTTTCCTCA
TCACCTTTGCTGGGAAATGGAGACTATATTGCTGGGCAAATATCTGATCTCGC
TGANAAATTGGAGCAGGCAGAAAACCAGTTGGCTCATTCTCGTTTGGGGCC
—3’
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Table S3.1: qRT-PCR result of MVLG_05122 in the transgenic A. thaliana
Arabidopsis Strain

Gene

Ct Value

WT

UBQ10

24.778

5122

31.477

UBQ10

25.13

5122

21.861

UBQ10

22.896

5122

20.985

5122ΔSP-CFP a2

5122ΔSP-CFP a5

Delta

6.699

-3.269

-1.911

Table S3.2: qRT-PCR result of CFP in the transgenic A. thaliana
Arabidopsis Strain

Gene

Ct Value

WT

UBQ10

24.352

CFP

33.408

UBQ10

24.517

CFP

21.066

UBQ10

24.715

CFP

18.149

5122ΔSP-CFP a2

CFP only
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Delta

9.056

-3.451

-6.566

Table S3.3: qRT-PCR result of MVLG_06175 and mCherry in the transgenic A.
thaliana
Arabidopsis Strain

Gene

Ct Value

WT

UBQ10

24.762

6175

n/a

mCherry

31.757

UBQ10

24.185

6175

24.313

0.129

mCherry

24.269

0.084

UBQ10

24.191

6175

26.13

1.939

mCherry

26.686

2.495

UBQ10

23.847

mCherry

24.104

6175ΔSP-mCherry

6175-mCherry

mCherry only

Delta

6.995

0.256

Sequencing Results of cDNA from A. thaliana Transformed with
MVLG_05122ΔSP-CFP
Sequencing with a forward primer
5’—
TTAGGNACCNTGCCTGAGTAAGCTTTAAGACGTATTGCCACCGAGCTCTTAG
CGGCTTCGCAAGACGAGCACAGCGGAGCGATGAAAAACAACAACTGCATCT
TGGCATACCTCATTGCCAAGGAAACCCAAAACGGTCAATACGGGCTCGTGG
ATAACTTGGAAACGAAGCAAGCGATCGCTATAAGCATGGGCGGCTCTATGGT
GAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGC
TGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAG
GGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGC
AAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTGGGGCGT
GCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAA
GTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGA

176

CGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCC
TGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAAC
ATCCTGGGGCACAAGCTGGAGTACAACTACATCAGCCACGACGTCTATATCA
CCGCCGACAAGCAGATACAGCTGCATCCAGGCCATCTTCAAGANCCGCTAC
GACATCGGGGACGGCAGCTACCAGCTCGCCGACCACTACCATCNGATCACC
CCCCGCGNNNACGCCCCCNGCTGCTGCCNATAGCGACTACCTGGNACTCG
AGGCGAGCCCNGATTCAAGCGCTACCCCCGACCACATGAGACATGAGCACT
TCTTNGAAGACACACCTGCACAAAGGTTCCGTTCAGGAGAGAGCNTCTTCT
TTCAGNAAGACGGCTCCTACANNGACCCCCCNAAGGGGAATTTCAAGGGGG
ANACCCNGGGGGACCCGACCNNGGNGAAAGGAGTNCAACTTCACGGGGG
GAGGGCACNTTNGGGGGGCAAAGGGTGGGGAAACACTACATCACCCACCA
ACTTATACCGCCCCGCAAAANAAGAGAAGCGTTCAGGACCCTTTACANACCC
CCCCACCTGGGGANGGGG—3’
BlastX result of 1st-192nd nucleotides

BlastX result of 202nd-923rd nucleotides

Sequencing Result of cDNA from A. thaliana Transformed with
MVLG_06175ΔSP-mCherry and MVLG_06175-mCherry
MVLG_06175ΔSP-mCherry (sequencing with a forward primer)
5’—
AAAAGGCGTGAGTCCATCGGGCCATACTAGCTCGAGCCTTTGTCGAATGCG

177

CTGCTACGACCCCAACTCGGGAACCTCCAACTCGACGTGCCGCAATGCCTG
CACGGGACAATACCACGTTTCAAGATCGTTGAACGCAGCGGATCAATGTATG
CAGCAATGCGATAGATTTACCAAAGACAAAAAGAAGCAGGGGGAGGGCAAA
CTAGAACACAAGAGATGTCTACACAAGTGTACGGATTGGTTCTTTCCTCTAAA
TCTCGGATCCATGGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAA
GGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACG
AGTTCGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCA
GACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGCCTGGG
ACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACCC
CGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTG
GGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGG
ACTCCTCCCTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGCGCGGCA
CCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCCTGGGCTGG
GAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGA
GATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGG
TCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTAC
AACGTCAACATCAAGTTGGACATCACCTCCCACAACG—3’
BlastX result of 1st-323rd nucleotides

BlastX result of 324th-899th nucleotides
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MVLG_06175-mCherry (sequencing with a forward primer)
5’—
AAAAGGCGGAGCACATGGGCCATCTGCTCGAGCCTTTGTCGAATGCGCTGC
TACGACCCCAACTCGGGAACCTCCAACTCGACGTGCCGCAATGCCTGCACG
GGACAATACCACGTTTCAAGATCGTTGAACGCAGCGGATCAATGTATGCAGC
AATGCGATAGATTTACCAAAGACAAAAAGAAGCAGGGGGAGGGCAAACTAGA
ACACAAGAGATGTCTACACAAGTGTACGGATTGGTTCTTTCCTCTAAATCTCG
GATCCATGGTGAGCAAGGGCGAGGAGGATNNNTGTATGGGCCCTACGAGTA
CTTGCGGGACAAGGAGCCCCTGGTTACCGATGTTTACCTGAAATTGAATGAG
GGTACCAGAGCGGGGACCGAGGACATGCCTCGCCCTTTGGGAAATGGAAT
—3’
BlastX result of 1st-258th nucleotides

MVLG_06175-mCherry (sequencing with a reverse primer)
5’—
ATTGAGCTTCTGCTCGGCCGCGTTGGCTGCAAGCGATATGGGCACCGTGCT
TGTACAGCTCGTCCATGCCGCCGGTGGAGTGGCGGCCCTCGGCGCGTTCG
TACTGTTCCACGATGGTGTAGTCCTCGTTGTGGGAGGTGATGTCCAACTTGA
TGTTGACGTTGTAGGCGCCGGGCAGCTGCACGGGCTTCTTGGCCTTGTAGG
TGGTCTTGACCTCAGCGTCGTAGTGGCCGCCGTCCTTCAGCTTCAGCCTCT
GCTTGATCTCGCCCTTCAGGGCGCCGTCCTCGGGGTACATCCGCTCGGAG
GAGGCCTCCCAGCCCAGGGTCTTCTTCTGCATTACGGGGCCGTCGGAGGG
GAAGTTGGTGCCGCGCAGCTTCACCTTGTAGATGAACTCGCCGTCCTGCAG
GGAGGAGTCCTGGGTCACGGTCACCACGCCGCCGTCCTCGAAGTTCATCA
CGCGCTCCCACTTGAAGCCCTCGGGGAAGGACAGCTTCAAGTAGTCGGGG
ATGTCGGCGGGGTGCTTCACGTAGGCCTTGGAGCCGTACATGAACTGAGGG
GACAGGATGTCCCAGGCGAAGGGCAGGGGGCCACCCTTGCTCACCTTCAG
CTTGGCGGATTGGGTGCCCTC—3’

179

BlastX result of 1st-628th nucleotides
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